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Abstract
The traditional approaches towards capacity gain, ubiquitous coverage and energy ef-
ficient green cellular communication call for network densification using small cell de-
ployments. This network densification has been a successful strategy; however network
operational/capital expenditure (OPEX/CAPEX) and energy efficiency concerns, due
to large number of deployments, cannot be ignored. The network controlled under-
lay device-to-device (D2D) densification is one alternate solution that can offer lower
OPEX/CAPEX, huge capacity, improved energy efficiency, increased area spectral effi-
ciency, ubiquitous coverage, and very low end-to-end latency. However, this coexistence
poses challenging interference management due to intra-cell cross-tier interference.
In order to analyse the effect of intra-cell cross-tier interference, I have provided Stochas-
tic framework for coverage analysis of primary cellular user. The basic model considers
homogeneous Poisson point process (PPP) as spatial distribution of mobile users in
the coverage area. This model has been extended to capture inhomogeneity and clus-
tering effect. Therefore, I have used Permanental Cox process, a subclass of doubly
Stochastic Poisson process where inhomogeneity is dictated by random intensity mea-
sure and clustering effect is governed by homophilic relation that exists due to spatial
correlation between mobile users. The D2D pairing is realized by nearest neighbour
distribution function. In this context, I have proposed Euler Characteristic based ap-
proach to approximate intractable random intensity measure and subsequently derive
nearest neighbour distribution function. I have proposed the threshold and spatial
extent of excursion set of χ2 random field as interference control parameters to select
different cluster sizes for D2D communication.
Further, I have considered both spatial and social layers for D2D pairing. In social
domain, I consider common content requests and model the joint spatial and social dis-
tribution as proximity based independently marked homogeneous PPP. The proximity
considers physical distance between D2D nodes whereas social relationship is modelled
as Zipf based marks. I apply these two paradigms to analyse the effect of intra-cell
cross-tier interference on average coverage probability of distance-proportional power-
controlled primary cellular user.
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cox process, Zipf, social relation
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Chapter 1
Introduction
1.1 Scope
In present cellular systems, the coverage and capacity demands are fulfilled by hetero-
geneous network (HetNet) that comprise macro-cells, small-cells (micro, pico, femto),
access points, and smart mobile devices. In future cellular networks, we expect 1000-
fold increase in capacity [1, 2, 3] and energy efficiency [4]. In some scenarios, we expect
1 million connection/Km2 [5, 6]. These expectations demand ultra-dense green cellu-
lar network. The network densification can offer such capacity and coverage, however,
energy efficiency is questionable due to tremendously large number of small-cell (SC)
deployments. This network densification can be complemented by omnipresent smart
devices in the form of device-to-device (D2D) communication.
D2D communication can be classified into different types (refer to D2D taxonomy in
Fig. 2.6). The most important classification, that directly scales network densification,
is based on system model which can be overlay or underlay D2D network. In overlay
model, orthogonal time/frequency resources are allocated for D2D communication. In
this case D2D network does not cause any interference to the primary cellular network.
In underlay model, non-orthogonal resources are shared and hence interference is gen-
erated by D2D network [7]. In this research work, I consider underlay D2D network
densification to analyse average coverage probability of primary cellular user. The up-
link radio resources of primary cellular user are reused by underlay D2D network. In
this context, D2D pairing is considered from two perspectives, 1). spatial proximity,
and 2). social relationship. The first considers channel effects (e.g., physical distance,
channel conditions, path-loss etc.) whereas second is more generic to cover any type
1
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of homophilic relationship such as social ties (friend, family, colleague, co-author etc.)
or inter-dependency bonds (physical contacts, financial exchanges, commodity trades,
group participation etc.) [8]. Such relations cause spatial correlation and clustering
effects between subsets of mobile users. This spatial correlation and clustering is mod-
elled by inhomogeneous cluster point process. By using the profile attributes and the
context of individual mobile user, common information exchange in the form of D2D
communication can be realized. However, the diverse nature of homophilic relations
cannot be captured in one mathematical expression and turns the modelling problem
intractable. Therefore, I consider one type of homophilic relation between D2D nodes
i.e., common content requests of popular files. Being underlay D2D communication in
outdoor cellular coverage, I do not consider the quality of service for D2D pairs in this
research.
The huge potential performance gains due to different applications of D2D are coupled
with certain challenges that include quality-of-experience (QoE), quality-of-protection
(QoP), user consent (in D2D relays), battery issues, and other cellular aspects. These
factors are very important and can directly effect the performance gains of D2D commu-
nication. The QoE includes user perception, expectations, and experience that needs
to be maintained in cellular and direct mode of communication. The confidentiality
and privacy concern is even more severe where the locations and contents may be com-
promised by intruding D2D partner. However, this can be tackled by incorporating
authentication, authorization and accounting procedures to avoid such attacks. Even
with this solution, using the device without the consent of the mobile owner, in D2D
relay applications, is a big issue along with battery consumption issues. The cellular
aspects include interference management, number of potential nodes, exploitation of
common interests, instantaneous channel state information (CSI) between nodes, and
synchronized switching between cellular and D2D modes. In this research, I neither
focus on these challenges nor on OPEX/CAPEX issues and rather provide system level
insights into capacity gains and coverage probability of primary cellular user.
1.2 Motivation
The smart devices, in present cellular systems, have the capability to be virtually con-
nected to any device, any time, anywhere. This global connectivity offers remoteness
as well as proximity at the same time. Coupled with proximity services, the ultra-dense
heterogeneity of future cellular networks can be exploited to achieve potential advan-
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tages of low-range high-rate D2D communication to enhance capacity and coverage.
The proximity based D2D communication has been standardized in 3rd generation part-
nership project (3GPP) long term evolution (LTE) Rel-12 [9, 10, 11]. It is considered
as a sub-feature of LTE-Direct Rel-12 [12, 13, 14] comprising two main features:
1. Device to Device Peer Discovery
2. Device to Device Data Communications
In order to complement huge SC deployments, traffic off-loading from cellular to multi-
ple radio access technology (multi-RAT) networks, other unlicensed wireless infrastruc-
tures (e.g Wi-Fi) and multi-hop links between devices drew much attention in recent
past. The MOTO project [15] funded by the European Commission under the Seventh
Framework Programme (FP7) proposed traffic oﬄoading where D2D communication
was one of the ingredients. The establishment of D2D links can be considered as ad-hoc
links in infrastructure where the network resources are reused by mobile peers directly
with little involvement (control signalling) of access and core network. In this hybrid ar-
chitecture (infrastructure based ad-hoc links), huge capacity and energy efficiency gains
are promised by exploiting maximum D2D links and reusing the resources optimally.
The D2D communication is being considered as an integral part of next generation
cellular networks 1 where proximity services and social networks are dominating over
conventional services. The network-assisted D2D communication offers another tier of
communication within a cell by reusing the spectrum resources. The reduced distance
between nodes improves spectral efficiency, throughput per area, energy efficiency, and
latency. The link reliability can be improved by migrating from multi-hop to single
hop communication (mesh-like topology). The coverage can be enhanced by multi-
hop cooperation between devices which can be the only communication in case of no
coverage-zone, coverage holes, and emergency situation. The load balancing and load
1
• “D2D is also recognized as one of the technology components of the evolving 5G architecture.”
[16]
• “Another way of improving the spectral efficiency is to enhance the spatial reuse of radio re-
sources when D2D communication is allowed for terminals in the same radio range.” [17]
• “Direct Device-to-Device (D2D) communication is one of the horizontal topics (HTs) and re-
garded as a promising technology to provide low-power, high data rate and low latency services
between end-users in the future 5G networks.” [18]
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management can be optimized by network and device proactive caching of common
information and oﬄoading the devices to establish direct links. Hence D2D links in
future cellular networks are key enablers for traffic off-loading, reducing end-to-end
delays, optimal resource utilization, capacity and coverage enhancements, and energy
efficient communication [19].
In future, huge capacity and ubiquitous coverage require ultra-dense cellular network.
The energy efficiency aspects demand green communication. Such ultra-dense green
cellular networks can be realized by considering software defined operation, perfect
interference cancellation, massive multiple input multiple output (MIMO) capability,
coordinated beam-forming, joint processing, new air interface and last but not the
least highest frequency reuse in the form of low latency overlay/underlay networks.
The traditional approach for capacity and coverage enhancement targets network den-
sification using SC deployments. However, it comes with a host of challenges that
include compromised energy efficiency, complex interference management, strict mobil-
ity management, huge signalling overheads and higher back-haul costs. Interestingly,
most of the problems, that beleaguer network densification, stem from legacy networks’
one common feature i.e., tight coupling between the control and data planes regardless
of their degree of heterogeneity and cell density. Consequently, in wake of 5G, con-
trol and data planes separation architecture (SARC) has recently been conceived as a
promising paradigm that has potential to address most of aforementioned challenges.
The objectives of this thesis are:-
• To perform a thorough survey of literature targeting control data plane separation
architecture and D2D network densification.
• To provide system level insights for D2D network densification using mature
framework of Stochastic geometry and point process.
1.3 Overview of Contributions
The main contributions of this thesis are summarized as follows:-
1. A comprehensive survey of existing literature on SARC and D2D communica-
tion has been carried out. Based on this survey and given that D2D network
densification has not been modelled in literature, this thesis focuses on system
level approach towards capacity and coverage analysis using mature framework
of Stochastic geometry and point process.
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2. The homogeneous distribution of D2D nodes is assumed in a single cell scenario
using homogeneous Poisson point process (PPP). The uplink radio resources of
primary cellular user are shared by potential D2D users. In order to consider D2D
pairing, I apply spatial proximity constraint in terms of nearest neighbour dis-
tribution function of PPP to Laplace functional that fully captures the intra-cell
cross-tier interference of underlay network. In this setting, the average coverage
probability of primary cellular user in terms of D2D user density has been derived
in closed-form. In a second scenario, the average coverage probability of reference
D2D pair in terms of D2D user density has been derived where primary cellular
user is considered as a source of interference.
3. The positive spatial correlations in mobile terminals (MTs), due to homophilic
relations, cannot be captured by homogeneous spatial PPP (SPPP). I assume
Permanental Cox Process (PCP) which is a doubly Stochastic Poisson process, a
generalization of homogeneous PPP with intensity measure as another Stochas-
tic process, to capture this correlation. I consider product density to derive
closed-form approximation (CFA) of spatial summary statistics. I propose Euler
Characteristic (EC) based novel approach to approximate intractable random in-
tensity measure and subsequently derive nearest neighbour distribution function.
I further propose the threshold and spatial extent of excursion set of χ2 random
field as interference control parameters to select different cluster sizes for D2D
communication.
4. The diverse homophilic relations can not be represented in simple mathematical
expression. I assume common uplink requests as the homophilic relation between
potential D2D nodes. To this end, I model both spatial and social distributions
of interfering D2D nodes as proximity based independently marked homogeneous
PPP (pIMPPP). The proximity considers physical distance between D2D nodes
whereas social relationship is modelled as Zipf based marks. I apply these two
paradigms to analyse the effect of interference on average coverage probability of
distance-proportional power-controlled primary cellular user. Effectively, I apply
two type of functional mappings (physical distance, social marks) to Laplace func-
tional of PPP. The resulting coverage probability has no closed-form expression,
however for a subset of social marks, the mark summation converges to digamma
and polygamma functions. This subset constitutes the upper and lower bounds
on average coverage probability.
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1.4 Thesis Outline
The rest of this thesis is organized as follows:
Chapter 2 provides the literature review on various proposals of SARC architecture.
It mainly covers the approaches that address energy efficiency, capacity maximization,
interference management and mobility issues. This is followed by literature on coop-
eration in terms of coordinated multipoint (CoMP) and existing approaches for D2D
communication. At the end of this chapter, the theme of D2D network densification
in SARC has been presented and the related challenges are highlighted. The work
undertaken in this chapter has been published in [20].
In Chapter 3, I assume underlay D2D network densification to validate capacity gains.
The retention probability, based on spatial proximity and nearest neighbour distribution
function, is applied to derive analytic expressions for average coverage probability of
primary cellular user. The similar analysis has also been carried out for average coverage
probability of reference D2D pair. The work done in this chapter has been published
in [21, 22]. In this thesis, I focus on underlay D2D network, however, as preliminary
analysis, the capacity gains have been analysed in overlay D2D network and published
in [23].
In Chapter 4, I present PCP model for spatial distribution of potential D2D nodes.
I present the details to generate such process. To validate the simulated realizations
of PCP, I also derive CFA of K and L functions. I present the main results of ap-
proximating G function of PCP. The CFA of G function is derived based on expected
EC of excursion set of χ2k random field (RF). The CFA and empirical G function are
compared with SPPP. I introduce G function into Laplace functional of PPP to derive
CFA for average coverage probability of primary cellular user. The work done in this
chapter results in the following publication [24].
In Chapter 5, I present average coverage probability of primary cellular user based on
pIMPPP distributed D2D nodes. The upper and lower bounds on coverage probability
are presented for two practical values of shape parameter of Zipf distribution. I provide
numerical evaluations by varying different parameters such as user density, D2D pairing
distance, power control of primary cellular user, target threshold, transmit power of
D2D pairs, and path-loss exponent. The work done in this chapter results in the
following publication [25].
Chapter 6 provides the summary of the thesis, contributions, limitations of current
research and concluding remarks. It summarizes the major findings of this thesis and
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highlights possible future directions to realize D2D network densification in SARC
architecture.
1.5 Publications
The research carried out during the course of this PhD results into the following pub-
lications.
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submitted to IEEE Transactions on Communications.
J.3 H. A. Mustafa, M. Z. Shakir, M. A. Imran, A. Imran, and R. Tafazolli, “Coverage
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Analysis,” IEEE Communications Letters, vol. 19, no. 10, pp. 1742–1745, Oct.
2015.
J.4 H. A. Mustafa, M. A. Imran, M. Z. Shakir, A. Imran, and R. Tafazolli, “Separation
Framework: An Enabler for Cooperative and D2D Communication for Future 5G
Networks,” IEEE Communications Surveys & Tutorials, vol. 18, no. 1, pp. 419–
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Chapter 2
State of the Art
The capacity and coverage demands dictate that future cellular networks need to soon
migrate towards ultra-dense networks. However, network densification comes with sev-
eral challenges. In this chapter, I review and analyse various proposals from the per-
spective of four main challenges in network densification i.e., energy efficiency, system
level capacity maximization, interference management and mobility management. I
then focus on two salient features of future cellular networks that have not yet been
adapted in legacy networks at wide scale i.e., CoMP, and D2D communications. The
literature review presented in this chapter has been published in [20].
2.1 Introduction
Traditional cellular networks are designed with tight coupling of control and data
planes. This architecture conforms to the main objective of ubiquitous coverage and
spectrally efficient voice-oriented homogeneous services. The recent growth of data
traffic overwhelmingly brought a paradigm shift from voice-traffic to data-traffic. Cisco
made observations at Internet service providers and predicted that the annual global
Internet traffic will rise to 1.4 zettabyte by the end of year 2017 as compared to 528
exabyte (EB) in 2012 [26]. One of the contributors in this massive growth of Internet
traffic is the proliferation of mobile devices and machine-to-machine (M2M) communi-
cation. Due to this growth, the capacity and coverage requirements exploded in recent
years with worldwide mobile traffic forecast of more than 127 EB in the year 2020 [27].
An increase of thousand-fold in wireless traffic is expected in 2020, as compared to year
2010 [28], with expected figure of 50 billion communication devices [29]. The explosive
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growth of mobile traffic is being handled by deploying tremendous amount of small
cells i.e., network densification in the form of HetNet [30].
The tight coupling of planes in conventional cellular networks leaves minimum control
to consider networks’ energy efficiency metric. This metric had a less concern previ-
ously due to less number of subscribers, rare data services, sparse deployments, and
less awareness of green cellular communication. The green attribute of the cellular
communication refers to reduction of unnecessary power consumption and its subse-
quent impact on the environment in the form of CO2 emissions [31, 32, 33, 34, 35, 36].
The green cellular communication can be realized by bringing energy-awareness in the
design, in the devices [37] and in the protocols of communication networks. Due to the
network scaling and heterogeneity, this metric became prominent. In this regard, it has
been estimated that the energy consumption by the information and communications
technology (ICT) results in 2% of global carbon emissions [38].
Small cell deployment is an agile, cost-effective, and energy efficient solution to meet
coverage and capacity requirements. However, large number of deployments (e.g., pre-
diction of 36.8 million small-cell shipments by the end of year 2016 according to ABI
research [39]), the energy efficiency of the system is questionable. Moreover, it also poses
operational expenditure (OPEX) challenges to the network operators. This heterogene-
ity has also imbalanced the provision of data services between macro and small cells
resulting in severe interference/back-haul-limited communication. In order to overcome
the threatening issues of power consumption, the awareness of energy consumption has
already been realized and a number of energy conservation techniques/approaches have
been proposed in the literature.
Another core issue, rising in future ultra-dense HetNet, is the interference manage-
ment. The main limiting factor in achieving the optimum capacity is intra/inter-cell
interference. Although intra-cell interference, in present cellular networks, has been
eliminated by using orthogonal frequency division multiple access (OFDMA) technol-
ogy and radio resource management (RRM), provision of underlay co-existing networks
(e.g., D2D, M2M), in future ultra-dense environment will again cause intra-cell inter-
ference along with existing inter-cell interference. Current interference management
techniques mainly comprise mitigation, cancellation, and coordination. The first two
techniques are best suited to a single cell environment, whereas for multi-cell scenar-
ios, coordination techniques comprising inter-cell interference coordination (ICIC), en-
hanced ICIC (eICIC), coordinated beam-forming (CB), and CoMP are more promising
to provide homogeneous quality of service with small infrastructural changes [40].
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The green aspects of future 5G cellular networks require energy efficient communication
which can be realized effectively by completely switching-off under-utilized base sta-
tion (BS). However, the switch-off mechanism has severe limitations in current cellular
architecture due to the problem of coverage holes. In order to avoid coverage holes,
one of the candidate solution is the new cellular architecture where control and data
planes are separated, i.e., decoupled, to provide ubiquitous coverage and more localized
high-rate data services. Another potential advantage in this architecture is the flexible
mobility management due to reduced handover signalling. In present architecture, the
mobile user is handed over to nearby BS even if there is no active data session. Since,
control plane is coupled with data plane, it is mandatory to handover in-active mobile
terminals to ensure coverage. This results in handover signalling which is required for
coverage but not for data services. On the other hand, the mobile user with no active
data session in decoupled architecture can move freely without initiating handover due
to provision of ubiquitous coverage. Huge potential savings can be realized in this case,
due to reduced handover signalling resulting in energy efficient communication.
In order to realize thousand-fold capacity enhancements in future cellular networks,
much higher bandwidth is required. This higher bandwidth is available in millimetre
wave (mm-Wave) spectrum. The higher frequency has poor propagation character-
istics, however, the corresponding spot-beam coverage is more feasible for low-range
high-rate data services. Therefore, coverage at lower frequencies (with good prop-
agation characteristics) and high-rate data services (with limited coverage) requires
decoupled architecture. Another aspect that severely limits the system capacity is the
ultra-dense cellular environment in future networks (due to more granular tiers in the
form of D2D, and M2M overlay/underlay communication). The underlay system of-
fers higher system capacity but causes intra-cell interference and therefore, interference
management becomes more complex in this case. For such an environment, cooperation
and coordination is the promising solution for interference management in decoupled
architecture.
2.2 Separation Framework: Performance Measures and
Potential Gains
The current cellular networks comprise tightly coupled control and data planes in the
same radio access network (RAN). This architecture meets the main objective of ubiq-
uitous coverage and spectral efficiency for voice services in homogeneous deployments.
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The massive growth of data traffic overwhelmingly dominated the voice traffic result-
ing into a paradigm shift from homogeneity to heterogeneity and voice services to data
services. The traditional architecture (designed for homogeneous voice services) meets
the current requirements of ubiquitous coverage and high spectral efficiency, however,
it provides these services by overlooking signalling overheads, back-haul cost, and en-
ergy efficiency of the system. In order to enhance the coverage and capacity of current
cellular systems, it is common practice to deploy small cells for peak-load scenarios at
the cost of reduced energy efficiency, increased overhead signalling (e.g., in terms of fre-
quent handover) and increased back-haul requirements. In order to mitigate the rising
concerns of power consumption, number of solutions, based on dynamic BS switch-
ing mechanism, are suggested to exploit the temporal and spatial variations in traffic
load. However, the tight coupling of user and control planes restricts the flexibility
and leaves less degree of freedom to optimize the system performance. To this end,
the idea of control and data planes separation was proposed by the project beyond
green cellular generation (BCG2) of GreenTouch consortium in Jan., 2011 [41]. Similar
approaches have been suggested in study group of 3GPP on “New Carrier Type”. The
Mobile and wireless communications Enablers for Twenty-twenty Information Society
(METIS) [42] aims to lay the foundation of 5G where control and data plane separation
is being considered as a candidate system architecture. The green 5G mobile networks
(5grEEn) is focusing on green aspects of future 5G networks by considering separation
of control and data planes. The joint European Union - Japan project Millimetre-Wave
Evolution for back-haul and Access (MiWEBA) is investigating the use of separated
control and data planes for mm-Wave based small cells [43].
In order to highlight potential gains due to decoupling of control and data planes, I
present conventional architecture (CARC) and futuristic architecture SARC in Fig.
2.1.
Macro-cell
Small-cell
Small-cell
C
+
UPla
n
e
C+
U
Pl
an
e
C+
U
Pl
an
e
Small-cell
Small-cell
C
+
U
P
la
n
e
(a) Conventional Architecture (CARC)
cBS: Control Base Station
dBS: Data Base Station
cBS
U-Plane
C
-P
la
ne
U-
Pl
an
e
dBS
dBS
C
-P
lane
In-active UE
Active UE
(Low Frequency)
(High Frequency)
(High Frequency)
D2D
C-Plane
D2D
(b) Separation Architecture (SARC)
Figure 2.1: Conventional and control/data plane separation architecture.
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In this figure, CARC is a conventional HetNet (comprises macro-cell and large num-
ber of small-cells) where coverage and data services are simultaneously provided at
same frequency either by macro or small-cell on coupled control and data planes. The
advantage of this approach is ubiquitous coverage, however, the serving cell cannot
sleep and it has to provide coverage even at low load conditions resulting in under-
utilization of resources. The mobile users, irrespective of active or in-active sessions,
are always covered by dedicated channels (ubiquitous coverage). However, it results
in under-utilization of data plane (since it is coupled with control plane). On the
other hand, SARC is a hierarchical HetNet comprising conventional HetNet and an
additional tier of D2D/M2M communication, where control and data planes are decou-
pled. In such an architecture, the ubiquitous coverage and low-rate data services1 are
provided by control BS (cBS) at lower frequency bands with good channel character-
istics. The data services are provided on demand at higher frequency bands by short
range high-rate data BSs (dBSs). The advantages of this architecture are ubiquitous
coverage (by decoupled control plane for active or in-active users), small-cell sleeping
possibility without coverage holes, temporal and spatial traffic adaptation, and high-
rate data services for active users without compromising the energy efficiency of the
system. The SARC for HetNet offers many potential gains such as energy efficiency,
capacity enhancement, reduced overhead signalling, flexible interference and mobility
management. Control signalling is provided by cBS, however, certain types of control
signalling cannot be fully decoupled. For example, frame/symbol level synchronization
and CSI is required in both planes.
The separation of planes for future cellular networks had been realized in recent past.
To this end, the control and data plane separation had been suggested in [44, 45], where
the provision of coverage is provided by a long range low rate control evolved Node B
(eNB). The data services, on the other hand, are provided by dedicated data eNBs.
In [44], it is proposed that signalling provides wider coverage to all user equipments
(UEs) regardless of active or in-active data session under data eNB. Such network-wide
adaptation provides flexibility to power down certain BSs when no data transmission is
needed. In simple strategy of powering down the dBSs, neither control signalling (e.g.,
synchronization, reference signals, system information etc) nor associated back-haul to
the access network is required; no data services are requested by UEs, only coverage
is required which is ubiquitously provided by the cBS. The powering down strategy
1The control BS has ubiquitous coverage over a large area as compared to small-cell coverage area.
Hence, it is more feasible to provide data services to high mobility users by cBS to avoid signalling
overhead and frequent handover in small cells.
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can, therefore, save approximately 80% of RAN power per BS switch-off [44, 46, 47]
besides power savings due to back-haul communication links. Therefore, separation of
planes promises tremendous increase in energy efficiency, reduced overhead signalling,
and relaxed back-haul requirements. In [44], the energy efficiency gain has been em-
phasized by considering system level approach where under-utilized BSs are realized in
sleep mode. In this study, no expected gains in energy efficiency are highlighted. Cer-
tain technical challenges including context awareness, resource management, and radio
technologies for the signalling network are highlighted without proposing any design
guidelines for the separation architecture.
The design of the signalling network in SARC is more challenging as compared to
conventional approach. In CARC, the BSs usually do not sleep due to the possibility
of coverage holes. Therefore, all BSs are active and no wake-up signalling is required.
The handover procedure is usually UE driven based on reference signal received power
(RSRP) values. In contrast, data services in SARC, in case of sleeping data BS (dBS),
can be ensured by (i) optimal dBS selection from sleeping dBSs, and (ii) initiation of
wake-up mechanisms. The optimal dBS selection can be quite challenging since cBS
has no instantaneous knowledge of channel conditions. The realistic channel conditions
are mandatory to initiate wake-up calls, assign physical IDs, allocate pool of bandwidth
and hand-over MTs. This results in more complex signalling procedures as compared
to CARC. In case cBS does not know instantaneous channel conditions, optimal dBS
selection cannot be realized. The new design is required to be robust and energy
efficient. Use of low frequencies provides better propagation and obstacle penetration.
Moreover, mobility management is flexible in HetNet using SARC architecture. This
is because, control plane handover is rarely required since the coverage area of cBS
is large as compared to the coverage area of BSs in conventional system. The data
plane handover is only required in case of active data requests and in case of in-active
users, none of the handovers (control plane or data plane) are required. This has been
discussed in more details in Sec. 2.2.4.
In [45], a two-layer network functionality separation scheme, targeting low control sig-
nalling overhead and flexible network reconfiguration for future green networks has
been proposed. A frame structure level detail has been proposed in which network func-
tionality including synchronization, system information broadcast, paging, and multi-
cast (synchronization, pilot, frame control, and system/paging/multi-cast information
bearer signals) is incorporated in control network layer (CNL). Whereas, the network
functionality of synchronization and uni-cast (synchronization, pilot, frame control, and
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uni-cast information bearer signals) is incorporated in data network layer (DNL). In
this study, the main focus is given on advantages of low control signalling overhead.
The network area power consumption has been plotted for two architectures showing
significant potential gain for separation architecture leading towards future energy ef-
ficient green mobile networks. Unlike [44], the authors in [45] proposed abstract level
network design for control and data planes separation. The categorization of different
wireless signals and their mapping relationship with physical channels are presented.
However, the challenges highlighted in [44] are not discussed in [45]. The study also
lacks in addressing interference management issues, back-haul requirement, realization
of underlay networks (e.g., D2D), mobility management and corresponding handover
procedures.
The important focus areas for energy efficient 5G mobile network are highlighted in [48].
These areas include system architecture with decoupled control and data planes, ultra-
dense HetNet deployment, radio transmission using MIMO configuration and energy
efficient back-haul. The transmission planes are categorized into data, control, and
management planes. It is emphasized that if these planes are decoupled from each other
then independent scaling is possible at most energy efficient locations. Furthermore, the
logical separation of control and data planes can provide most efficient discontinuous
transmission/reception (DTX/DRX) functionality to save energy in idle modes. Similar
to [44], the authors in [48] highlighted the requirements and technical challenges to
realize future green 5G mobile network. However, the system architecture and radio
transmissions design guidelines are not outlined in details as in [45].
In [49], hyper-cellular network is introduced as decoupled control and traffic network
to realize energy efficient operation of BS. In such a network, data cells are flexible
to adapt traffic variations and network dynamics while control cells are flexibly and
globally optimized. The hyper-cellular network is considered as a novel architecture for
future mobile communication systems. The approach realizes control and data planes
separation using open source radio peripherals and legacy global system for mobile
(GSM) network. This formulation provides an insight into real-time practical set-up
for prototype testing. However, system improvements are not shown in this paper.
Moreover, none of the performance metrics (energy efficiency, back-haul relaxation,
and throughput) have been analysed and validated.
The control and data planes separation concept had been presented from the perspec-
tive of energy optimized connectivity management in seventh framework program (FP7)
CROWD [50]. To this end, software defined networking (SDN) based medium access
2.2. Separation Framework: Performance Measures and Potential Gains 15
control (MAC) and mobility management was proposed to complement huge deploy-
ments of cellular nodes. Two key challenges, interference and mobility management,
were considered for next generation dense wireless mobile networks. The functional
architecture had been proposed and several key control applications were identified.
More focus was given on mobility management and an SDN-based distributed mobility
management (DMM) approach had been suggested. The control applications for inter-
ference management ranged from existing multi-tier scheduling scheme (e.g., eICIC) to
LTE access selection schemes. The radio transmission aspects and back-haul limitations
had not been outlined in any of the control applications identified in this study.
In [51], the authors measure CSI by using the concept of dual connectivity (using macro-
cell assisted small-cells) and propose the use of CSI reference signals (CSI-RSs) instead
of common reference signal (CRS). Since, CSI-RSs are traditionally used by UEs to
differentiate between different antennas of a MIMO system, therefore in the proposed
network layout, different macro-cell assisted small-cells are considered as different an-
tennae of MIMO/CoMP array. This strategy results in energy efficient operation (by re-
ducing number of CRS) and provides network-triggered handover (unlike UE-triggered
handover in CARC) to realize flexible and enhanced mobility management. Due to
the absence of CRS for macro-cell assisted small-cells, the authors proposed to use
CSI-RSs to estimate the down-link path loss for up-link power control. Similar to the
previous approaches, the authors in [51] focuses only on reducing control signalling to
realize energy efficient operation without emphasizing context awareness, radio frame
structure, back-haul issues, and interference management.
In [52], a particular enhanced local area (eLA) architecture called Phantom Cell is
proposed by NTT DOCOMO. This architecture is based on control and data planes
separation; suggested as a novel architecture for LTE-B. The approach in [52] suggests
deployment of massive small cells by leveraging high frequency reuse under the coverage
of macro-cell to achieve high capacity, seamless mobility, and scalability. The two tier
configuration is realized as a master-slave configuration where macro-cell controls the
small cells dynamically for connection establishment and small cells use high frequency
bands to provide high-rate data coverage. This high frequency band solution with de-
coupled control and data planes, where small cells do not transmit cell-specific reference
signals, is introduced as Phantom Cell architecture. In order to evaluate the energy ef-
ficiency performance of the Phantom Cell architecture, the stochastic geometry is used
to compare the results with the conventional frequency division duplex (FDD) based
LTE pico-cell deployment in [53]. The numerical results indicate that the Phantom
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Cell architecture outperforms conventional small-cell architecture in both spectral and
energy efficiency metrics. The authors in [52] provide preliminary results for capacity
enhancements in separation architecture without considering energy efficiency aspects,
whereas [53] provides more rigorous analysis for both spectral and energy efficiency of
separation architecture. Some interesting conclusions are made about higher spectral
efficiency and higher energy efficiency, however, both these studies focused on spectral
and energy efficiency metric and did not include other aspects such as context aware-
ness, signalling network, and functional description of the separation architecture. The
reader is referred to [54, 55] for Phantom cell operation at super high and extremely
high frequency and related technical issues such as larger path loss in small-cell, human
body shadowing, massive MIMO architecture, and pre-coding algorithms to achieve
super high data rates. The comparative summary of different approaches for control
and data planes separation is presented in Table 2.1.
In the following subsections, I provide motivation for control and data planes separation
architecture. In this context, I consider several key performance measures and analyse
them in existing architecture. I provide survey of existing approaches, highlight the
shortcomings and discuss these measures from the perspective of SARC architecture.
2.2.1 Energy Efficiency
The energy efficiency of RAN mainly depends on power consumption of BS. According
to energy aware radio and network technologies (EARTH) project [46], the BS power
consumption model comprises power consumed by radio frequency chain (especially
power amplifier), signal processing units, and supply units (mains supply, DC-DC, and
active cooling) as follows:
PBS α (PRFC ,PSPU ,PSU ),
In order to ensure energy efficient communication, one simple strategy can be adopted
where under-utilized BS, in case of low traffic conditions, should go to sleep mode (hence
reducing power consumption PRFC and PSU ). This situation, however, causes coverage
holes due to tight coupling of control and data planes unlike futuristic architecture
where coverage and data services are expected to be decoupled to provide ubiquitous
coverage and on-demand data services.
The power consumption had not been a problem in past due to homogeneous networks
and sparse deployments. Therefore, energy efficiency metric had not been considered
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Table 2.1: Summary of approaches for control and data planes separation.
Project/Ref. Working/Highlights
“Looking Beyond Green
Cellular Networks” [44]
⇒ Coverage → by long-range low-rate control eNB
⇒ Data Service → by short-range high-rate data eNBs.
⇒ Ubiquitous coverage by signalling plane.
“On Functionality
Separation for Green Mobile
Networks: Concept Study
over LTE” [45]
⇒ Separation scheme based on two-layer network function-
ality
⇒ CNL: multi-cast information bearer signals
⇒ DNL: uni-cast information bearer signals
“5GrEEn: Towards Green
5G Mobile Networks” [48]
⇒ Ultra-dense HetNet deployment
⇒ Radio transmission using MIMO configuration
⇒ Energy efficient back-haul
⇒ Transmission planes: data, control, and management
“Software Defined Radio
Implementation of Signalling
Splitting in Hyper-cellular
Network” [49]
⇒ Hyper cellular network: Decoupled signalling and data
services
⇒ Coverage by signalling BS
⇒ Phone calls are connected via data BS
“FP7 Project CROWD” [50] ⇒ SDN based MAC control and mobility management
“Dual Connectivity in LTE
HetNets with Split Control-
and User-plane” [51]
⇒ Different MA small cells as different antennae of
MIMO/CoMP array
“A Novel Architecture for
LTE-B: C-plane/U-plane
Split and Phantom Cell
Concept” [52, 53]
⇒ Phantom Cell: higher frequency with decoupled con-
trol/data plane
⇒ Macro cell: connection establishment
⇒ Small cells: provision of data service
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while designing such cellular networks. Due to technology scaling and proliferation
of large number of smart devices, the capacity demands increased tremendously with
more energy consumption worldwide. This huge increase in capacity was predicted by
wireless world research forum (WWRF) more than a decade ago. The key technological
vision from WWRF expected around 7 trillion wireless devices serving 7 billion people
by 2017. Moreover, it was predicted that approximately 80-95% subscribers will be
mobile broadband users [56, 57]. The huge increase in number of subscribers motivated
the network operators to deploy small cells in order to quickly meet the customer
needs. According to ABI research, by 2016, small cells will cover up to 25% of all
mobile traffic and small cells shipments (both indoor and outdoor) will likely to reach
36.8 million units worth $20.4 billion. It further predicts that, outdoor small-cell units
alone will reach over 3.5 million units by 2018 [58, 59, 60, 39]. The coverage and capacity
requirements of subscribers can be met by deploying increased number of small cells,
however, the associated power consumption will increase significantly in future.
In order to reduce the power consumption of under-utilized BSs and ensure energy effi-
cient communication in existing HetNet, different techniques are reported in literature
such as dynamic BS switch-off, cell range expansion etc. These techniques provide sub-
stantial gain in power saving, however, they come with the inherent problem of coverage
holes (in case of BS switch-off), increased interference (due to increased transmit power
in cell range expansion techniques), and huge back-haul requirements. To address these
problems and ensure energy efficient communication, a paradigm change in control and
data planes coupling has been suggested in literature and research community. This
approach not only provides ubiquitous coverage and reduced transmit power but also
reduces control signalling associated with each BS.
The current cellular systems are designed for worst case ubiquitous coverage scenarios.
In such a design, the BS needs to be active even for few subscribers. This goal can
be justified in remote sparsely populated areas covered by few BSs where the spatio-
temporal variations of traffic patterns follow a near constant trend. However, in urban
areas, the BS deployment is dense and traffic variations are more abrupt. In such dense
deployments, the coverage goal is achieved at the cost of increased power consumption
and reduced energy efficiency of the system. The most power expensive element of RAN
is BS, consuming around 80% of overall power [44, 47]. In full-load conditions, the power
consumption of BS is justified, however, in low load conditions, BS is still consuming
most of the power to provide coverage. Moreover, in design of cellular systems, the
short-term and long-term traffic variations (e.g., temporal effects on traffic loads due
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to day/night times and spatial effect due to weekends/weekdays) are not considered due
to which the existing cellular networks cannot be fully optimized from this perspective.
Power Consumption Model of EARTH Project
In order to quantify the power consumption of wireless networks, the EARTH project
provides a holistic energy efficiency evaluation framework (E3F). This framework pro-
vides power consumption breakdown of each entity of RAN. A BS power model has
been proposed that maps the radio frequency output power (radiated from the antenna)
to the total supply power consumption of BS. The power consumption for macro, mi-
cro, pico, and femto cells are compared. The traffic models (short-term and long-term)
are investigated to emphasize the energy saving potentials. The deployment areas of
Europe are segregated into dense urban, urban, suburban, rural and sparse. The traffic
variations for a single day are depicted to give an insight into the energy efficiency
evaluation of the wireless cellular network. Number of key findings are presented as
follows:
• On average, the vast majority of the resources are idle in wireless networks.
• The supply power scales linearly to the number of transmit/receive chains.
• The radio frequency output power and power consumption of BS are nearly linear.
• For macro BSs, the consumption of power amplifier (PA) scales with BS load.
• For micro BSs, the PA scaling is present to a lesser extent, whereas for pico/femto
BSs, this scaling is negligible.
It has been mentioned that DC power consumption of a typical 3-sector site at zero load
is still 50% of the peak power [61]. The conventional model without power supply and
active cooling/air conditioning can be 400W lower than the total power consumption
of a site [62]. In [63], a parametrized linear power model is proposed to encompass
the two general power saving techniques that are based on either design change or
operating procedures. The former is based on changing the layout of the network (e.g.,
by introducing HetNet) whereas the latter is more attractive for existing architecture.
This approach saves energy by reducing transmission power, adapting transmission
bandwidth, deactivating unused antennas, and incorporating BS sleep modes.
The model presented in [63] is the simpler parametrized model of [46]. The authors did
not discuss the implications of coverage holes due to sleep mode operation.
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BS Switch-off
Power consumption of cellular systems has been addressed from two perspectives. The
first one motivates the use of low-powered components in cellular networks and hence
focuses on reducing the energy consumption at local scope. The second perspective
takes the holistic approach of network design, planning, and management phases to
conserve the energy of the overall cellular network. In both cases, the most power
expensive element in access network is BS. A lot of research has been carried out to
propose switch-off mechanisms for BSs. In [64], BS switch-off has been proposed by
quantifying the reduction in activity probability for cooperative scenario. It has been
shown that for a fixed distance between BSs, the expected number of enabled BSs
reduces up to 11% depending on the user density. By changing the distance between
cooperative BSs to an optimal value, an additional 39% reduction in activity probability
can be achieved which results corresponding reduction in power consumption per unit
area. The proposed analysis assumed perfect hexagonal grid which is non-realistic in
practical BS deployments. Moreover, finding the optimal distance and changing the BS
deployment is practically infeasible and very hard to realize. The authors in [65] suggest
probabilistic data BS sleeping mechanism in separation architecture. The formulated
problem jointly optimizes the sleeping probability and spectrum resource allocation to
minimize the overall power consumption, however, this study does not consider mobility
of the users and their impact on cell sleeping probability.
In [66, 67, 68], traffic profile based BS switching has been proposed to save energy.
The cell switch-off has been suggested for cellular access networks [66] and universal
mobile telecommunications system (UMTS) access networks [67] with the assumption
that the radio coverage is provided by neighbouring cells by increasing transmit power.
The smaller number of BSs for long-term switch-off vs. larger number of BSs for
short-term switch-off have been investigated. However, these studies considered ideal
networks (hexagonal and manhattan models) and introduced the energy saving by dy-
namic switching algorithms. Though both of the approaches [66, 67] target to reduce
power consumption, this strategy can cause severe interference to the neighbouring
active BSs due to increased transmit power. This can be ideal for the scenario where
all neighbouring BSs need switch-off which is not practical. The approach in [68] con-
sidered first and second order statistics of traffic profile to propose dynamic switching
strategy. The users are handed over to the neighbouring cells before the reference cell
can be switched off. The statistics based switching strategy can save energy, however,
it is suitable for near-constant traffic pattern (e.g., night times). In case of slowly
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varying traffic profile, an instantaneous switching strategy is more promising which
can flexibly be realized in SARC. A simple approach may consider traffic profile and
provide data service either by cBS (in case of low-data rates) or by the near-by dBS
(in case of high-data rates). In case of sleeping dBS, the cBS (having global coverage)
may initiate wake-up mechanism which can be reactive or pro-active by predicting user
mobility patterns. Since, no transmit power of dBS is increased, therefore an energy
efficient communication, without increasing interference, can be achieved in SARC as
compared to approaches proposed for CARC.
The macro BSs provide bigger coverage with high transmit power as compared to small
cells. In order to conserve energy, the capacity enhancements are carried out by deploy-
ing large number of low-powered small cells. This brings heterogeneity in the network.
For such networks, an area power consumption metric has been investigated in [69],[70],
to quantify energy savings. The small-cell deployment offers substantial power savings,
however, this strategy scales poorly with number of small cells envisioned for future
ultra-dense cellular environment. The scaling of small cells can be compensated by
dynamic BS switch-off mechanisms which can be realized in separation architecture
without producing coverage holes. The approaches in [69, 70] considered mixed deploy-
ment scenarios by considering macro and micro cells at fixed positions. This strategy is
suitable for new deployments but it is not applicable to existing deployments of small
cells. Assuming perfect hexagonal grid is a theoretical interest. These studies also lack
in presenting realistic operating algorithm where area power consumption scales with
any change in deployment e.g., due to network scaling or BS failure.
The BS switching-on/off based energy saving (SWES) algorithm has been proposed in
[71] to exploit the temporal and spatial variation in the network traffic profile. The
algorithm works in a distributed manner with reduced computational complexity. A
notion of network-impact has been introduced that ensures minimal effects on neigh-
bouring BSs by turning off BSs gradually (one by one). In order to reduce overheads
over the air and back-haul, three other heuristic versions of SWES are proposed that
take network-impact as decision metric. The authors claim around 50-80% potential
savings for real traffic profile of metropolitan urban area. Several extensions of this
research are proposed as follows:
• To consider more realistic BS power consumption model.
• To consider HetNet, consisting of different types of BSs, such as macro, micro,
femto BSs and even WiFi APs.
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• To develop a dynamic BS switching algorithm that considers down-link and up-
link traffics jointly.
Besides these extensions, the authors did not consider quality-of-service (QoS) require-
ments of the handed-over users. For example, in homogeneous deployments with large
coverage area, cell-centre users have certain QoS requirements. In case, the serving
BS of these users has to be switched-off, the neighbouring BSs cannot guarantee same
QoS without increasing the transmit power which results in inter-cell interference. This
situation can be avoided in HetNet where neighbouring small cells can cover handed-
over users with moderate increase in transmit power, however, SWES techniques are
proposed for only homogeneous deployments.
The theoretical framework for BS energy saving is presented in [72]. It encompasses
dynamic BS operation, and related problem of user association together. The prob-
lem is formulated as total cost minimization that allows for a flexible trade-off between
flow-level performance (e.g., file transfer delay) and energy consumption. For user asso-
ciation problem, an optimal energy-efficient user association policy has been proposed,
whereas for BS operation problem (i.e., BS switching-on/off), a simple greedy-on/off
algorithm, based on mathematical background of sub-modularity maximization prob-
lem, is proposed. A number of heuristic algorithms, based on the distances between
BSs or the utilization of BSs that do not impose any additional signalling overhead, are
also proposed. The numerical results show 70-80% reduction in total energy consump-
tion while depending on the arrival rate of traffic and its spatial distribution as well as
the density of BS deployment. Unlike [71], the theoretical framework in [72] considers
HetNet, however, to ensure mathematical tractability, no fast fading is considered and
inter-cell interference is assumed as Gaussian-like noise which restricts practical realiza-
tion of the proposed technique. Since an under-utilized BS consumes nearly the same
power as a fully loaded BS [46], the logical solution to this problem is to switch off idle
BSs while providing the same coverage and quality of the service. However, switching-
off BSs creates coverage holes as the signalling and data services are provided by the
same BS. A number of different techniques are proposed in literature to solve this
problem. A paradigm shift in control and data planes coupling has been suggested in
[44] where the coverage is provided by long-range BSs and high-rate data services are
provided by small-cell BSs. Hence, these short-range BSs can be activated/deactivated
according to user demands without creating coverage holes.
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Renewable Energy Resources
The energy efficiency of cellular systems has also been addressed using renewable energy
sources. The cellular networks are scaled according to developed environment (e.g.,
urban, sub-urban, rural) and network traffic, however, the rural areas usually dominate
on a country-wide coverage [46]. In developing countries, many remote locales do not
have access to national electricity grid. To provide coverage in these areas, usually
diesel is used as an energy source to operate BSs. The situation gets worse in low load
conditions where the BS remains powered up to provide coverage for few active mobile
terminals. The BS switch-off strategies cannot be adopted due to possibility of coverage
holes in sparse deployments of BSs in remote areas of the country. In such cases, using
renewable energy sources can be more advantageous. In [73], a reference model for
renewable energy BS (REBS) has been suggested along with the concept of renewable
energy-aware BS. The REBS comprises BS, energy control unit (ECU), and energy
sources (renewable and non-renewable). The ECU is the important element that utilizes
the energy storage unit in case of excess demand/supply and hence compensates the
potential un-reliability of renewable energy sources. However, the presented reference
model is very simple and the overall approach does not cover the complexities involved
in designing ECU.
The renewable energy sources (solar, wind, fuel cell) are suggested in [74] for eco-
friendly green 5G cellular networks. In the year 2004, Japanese cell phone operator
NTT DOCOMO operated an experimental 3G BS (DoCoMo Eco Tower). This self-
powered tower used solar and wind power simultaneously [75]. In the year 2010, world
wide fund for nature (WWF) annual report [76] was published showing substantial
reduction in CO2 emission in China because of using alternative energy sources
1. In
[77, 78, 79], an energy efficient communication and the dynamics of the smart grid are
considered in designing green wireless cellular networks. The author in [77] proposed
a novel game-theoretical decision making strategy to analyse the impact of smart grid
on cellular network. The retailer and consumer are formulated as two players of a
Stackelberg game. The proposed decision making scheme considers real time pricing in
demand side management mechanism and gives insights into system parameters that
affect the retailer’s procurement and price decisions. The idea has been extended in [78]
1The use of solar and wind energy saved China 48.5 million metric tons of CO2 emissions in the
year 2008 and 58.2 million metric tons in the year 2009. Based on the result for China Mobile, and with
conservative estimates, 70 million tons of carbon emission reductions had been estimated in the year
2008 which is equivalent to the total CO2 emissions from countries like Sweden, Finland and Norway.
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by considering CoMP to ensure QoS when certain BSs are switched off. Both of these
strategies are further extended in [79] where service blocking probability is included in
the system model. The analysis of the two player game has been enhanced by proving
existence as well as uniqueness of the Stackelberg equilibrium. Though the approaches
of energy efficient smart grid communication ensures reduction in OPEX and CO2
emissions, the inherent problem of coverage holes due to BS switch-off, more control
signalling at air interface due to coupled planes, and much higher back-haul require-
ments in case of CoMP operation renders such approaches impractical. Moreover, using
CoMP to provide coverage for all users of switched-off BS can cause severe blockage
and poor QoS. This is because CoMP has originally been designed to ensure cell-edge
coverage not for coverage of all users due to severe back-haul capacity limitations.
Table 2.2: Summary of approaches for energy efficient communication.
Proposed Technique Shortcomings Ref.
Reduction in activity probability and
cooperation/coordination
Not suitable for already deployed BSs.
High back-haul capacity requirements
[64]
Probabilistic sleeping mechanism Mobility impact not considered [65]
Cell range expansion Inter-cell interference due to high
transmit power
[66, 67]
First/second order statistics of traffic
profile
Not suitable for varying traffic pat-
terns
[68]
Small cell deployment Scales poorly with number of small-
cell deployments
[69, 70]
Temporal and spatial variations of
traffic profile
Suitable for homogeneous deployment [71]
Flow level dynamics Not suitable for fast fading chan-
nels. Assumption of Gaussian-noise
like inter-cell interference
[72]
Alternate energy as main source,
game theoretical approach
Not addressing problem of under-
utilized network resources
[73, 74, 75,
77, 78, 79]
The existing approaches for CARC ensures power savings, however, all these approaches
have certain shortcomings discussed previously. For example, BS switch-off mechanism
in CARC causes coverage holes and in order to provide coverage by the cell range
expansion techniques, the transmit power of covering BS increases resulting in inter-cell
interference. The existing energy efficient approaches for CARC and the corresponding
shortcomings are summarized in Table 2.2.
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The problem of coverage holes and subsequent problem of increased transmit power does
not exist in SARC due to inherent ubiquitous coverage of cBS. Similarly, the problem
of continuous operation of sparsely deployed BSs in remote locales of the country can
best be tackled by providing data services by cBS during off-peak hours. Therefore,
SARC can scale with two extreme load conditions (i.e., remote locales and ultra-dense
environments).
2.2.2 System Capacity
In the past, voice services dominated data services due to which the cellular systems
were mainly designed for the voice traffic. Such systems offered very low system capacity
complaint to the capacity requirements of voice services at that time. In the year
2009, the mobile data overtook the voice traffic in terms of total traffic generated on
the network. With the emergence of mobile data services, the capacity requirements
increased and the total worldwide mobile traffic is now expected to reach very high
numbers. A brief view on number of worldwide mobile subscribers excluding Wi-Fi
traffic off-loading and including M2M communication [27] is shown in Table 2.3.
Table 2.3: Traffic Forcast
Category/Year 2010 2015 2020
Global Mobile Subscribers (Million) 5328 7490 9684
Total Mobile Traffic (EB) 4 45 127
The capacity requirements in terms of average area throughput for future mobile net-
works beyond international mobile telecommunications-advanced (IMT-A) are studied
to be 25 Gb/s/Km2 [80] with peak data rate of 4.5 Gb/s/cell in down-link and 2.5
Gb/s/cell in up-link. The spectrum and bandwidth requirements for future IMT-2000
and IMT-A are presented in [81]. Such high requirements and explosive growth of
mobile data require huge system capacity. In literature, mainly three approaches are
considered to meet the capacity requirements. These include spectrum efficiency, spec-
trum aggregation [82], and network densification [52]. The same has been identified
by DOCOMO as “The Cube” for future 5G systems [83]. The spectrum efficiency tar-
gets the capacity enhancements by considering CB, multi-user MIMO, and CoMP. The
spectrum aggregation includes carrier aggregation either contiguous or non-contiguous
to meet the capacity requirements of different applications. However, the spectrum
efficiency/aggregation have a local scope as compared to network densification that
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has been globally accepted as the cost-effective and agile solution to meet the capacity
demands of future cellular systems. The huge number of small-cell deployment results
in heterogeneity in the network. This heterogeneity is expected to increase in the fu-
ture by the increased number of D2D and M2M communications. In such ultra-dense
HetNet, virtually a personal cell might be required in future to meet the capacity and
coverage requirements. The idea of personal cell has been introduced as pCell technol-
ogy by Artemis Networks [84] where each wireless device is given the full bandwidth
even in high load conditions and hence each mobile device has virtually a dedicated
personal BS. However, the pCell technology has yet not been commercialized.
In SARC, the capacity enhancements can be realized flexibly. For example, the spectral
efficiency can be higher due to reduced control signalling interference. In CARC, every
BS is responsible to provide control signalling as well as data services in its coverage
area. Therefore, there are as many control signalling interferers as there are BSs in
specific area. In contrast to CARC, smaller number of cBSs provide global coverage
and hence control signalling interferers are reduced in SARC. Moreover, due to sleeping
dBSs, inter-cell interference in data plane is reduced. The beam forming and CoMP
can be realized centrally at cBS. The adaptive dBS clustering for CoMP operation can
be flexible by considering cell-sleeping into account (which is not possible in CARC).
By having global coverage of the cBS, traffic off-loading may be realized by establishing
D2D communication for common content exchange.
The network densification in SARC includes deployment of dBSs in the coverage of
cBS. In order to enhance capacity, dBSs can be deployed at higher frequency bands
with much more bandwidth. In this context, huge bandwidth at mm-Wave spectrum is
an attractive choice for high-rate data transmissions [85]. In [86], the authors provide
detailed design trade-off and performance requirements to support wireless communi-
cation at 60 GHz frequency. The challenges associated with data transmission at this
frequency include poor propagation, blocking/shadowing, atmospheric and rain effects
[87, 88]. In order to model mm-Wave channel and analyse access performance, ray op-
tics techniques have been used [89]. The ray tracing simulations at 72 GHz show that
the propagation at such a high frequency can be approximated with limited diffraction
and scattering phenomenon. The agreement between channel model and the measure-
ment at mm-Wave band can also be observed in [90]. In [91], an air interface design,
based on null cyclic prefix single carrier, has been proposed. The ray tracing results
and the propagation measurements at mm-Wave show that it is the best candidate for
communication at this frequency. The measurement results at mm-Wave (28 and 38
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GHz) spectrum with steerable directional antennas are presented in [92]. The novel
hybrid beam-forming scheme and mm-Wave prototyping for indoor and outdoor envi-
ronment [93] asserts the feasibility of wireless communication at this frequency band.
All these studies ensure that mm-Wave spectrum has potential gain to ensure high data
rate transmission for dBSs in future 5G cellular networks.
In future cellular communication, the mobile devices require several changes from the
view point of hardware, software/firmware design, and protocol stack. Though existing
smart phones and mobile terminals are multiple random access technology (multi-RAT)
capable, however, large antenna array in small form factor is indispensable for mm-
Wave transmission. In order to operate in multiple scenarios (e.g., high/low mobility,
under legacy network coverage, as relay node, or operating as D2D underlay node,
etc), dynamic radio frame and corresponding protocol stack is required for 5G mobile
devices. The reader may refer [94, 95] for further details.
The smart phones and mobile devices for 5G networks are introduced as NanoEquip-
ment (NE) in [96]. The author has discussed 5G RAN and 5G mobile device (i.e.,
NE) from the perspective of nanocore technology. Using this technology, large antenna
array in small form factor can be realized to meet the requirements of the data plane
for mm-Wave communication. For high mobility users, low-rate data services may be
provided at lower frequencies. Since, control and data planes are expected to operate at
different frequencies (i.e., lower frequencies for control/low-rate data and mm-Wave for
data plane), dedicated radio frequency chains for control and data planes are manda-
tory. These are few hardware changes which we can expect for 5G mobile devices. The
software and protocol changes are expected to be transparent to mobile devices due to
futuristic SDN approach. To realize future cellular communication, dual connectivity
for control/data planes and multi-RAT technology (at any available legacy or new air
interface) requires self-organized sophisticated radio frame and protocol stack.
In SARC, network densification of dBSs at mm-Wave spectrum can be achieved to
meet the capacity requirements. Since, the capacity requirements of future ultra-dense
environment are much higher, therefore assigning physical cell identification (PID)1
to each active/sleeping dBS can be quite challenging. The PID is the physical ID
of the cell which is required by UEs to uniquely identify the serving dBS and acquire
time/slot synchronization. In current LTE systems, the cell ID can be calculated during
initial cell search using primary and secondary synchronization signals (PSS/SSS). If
1In LTE/LTE-Advanced (LTE-A), physical cell ID (PCI) is used by UEs to differentiate between
neighbouring cells and perform signal strength measurements.
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the under-utilized dBS is set to sleep mode by the cBS, UE can never know the presence
of near-by sleeping dBS. The dBS localization, waking-up and assignment of cell ID,
introduced as PID management, are the responsibilities of cBS. Since, cell sleeping is a
rare phenomenon in CARC, therefore static PID assignment to always running BSs is a
feasible strategy. In SARC, the simple conventional solution of static PID assignment
results into inefficient PID utilization. Many cell IDs are unused in case of large number
of sleeping dBSs. The optimum PID management in SARC can follow on-demand PID
assignment in a self-organized manner. This strategy can scale well in case more dBSs
are deployed to meet capacity demands. However, this solution comes at the expense of
centralized PID management and tight synchronization. For active UEs, the cBS not
only localizes the near-by dBS but also assigns the PID (in case of sleeping dBS); hence
assisting the required time synchronization between dBS and active UEs. Once, the
sleeping dBS is active, it can use the assigned ID and corresponding PSS/SSS to provide
time/slot synchronization to UEs. In spite of complex processing, the centralized PID
management in SARC can bring self-organization which is indispensable for sleeping
dBSs in future cellular networks.
Another perspective to meet capacity requirement is to select optimal dBS for data
services. Since, cBS has global context information (e.g., positions of dBSs and UEs),
it can use simple path-loss, statistical CSI, and load conditions to associate UE to
the optimal dBS. Using this simple strategy, the UE can be handed over to the dBS
with highest capacity provision. This can be possible because cBS has global knowl-
edge of the coverage area, however, the optimal dBS selection can be challenging due
to possibility of cell-sleeping. In such a scenario, cBS has to initiate wake-up mecha-
nisms, assign PID, arrange initial synchronization, and handover UE to the dBS. Once
a successful handover is accomplished, the reduced flow control (minimum required
control signalling) with the dBS as compared to the full flow control in CARC, offers
a higher degree of freedom to achieve higher data rate. The inherent benefit of SARC
architecture is the reduced control signalling in radio frame of dBS. For example, in
current LTE and LTE-A systems, the radio frame is 10ms where control signalling is
required to be sent periodically along with requested data. Thus, control signalling
takes substantial portion of radio frame to provide connection establishment, handover
mechanism, and other control procedures. Such restriction does not hold for dBS as
majority of the control signalling is provided by cBS via dual connectivity mechanism.
Since control signalling is reduced to minimum in dBS of SARC, the frame size can
carry maximum data traffic to meet higher capacity demands.
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2.2.3 Interference Management
In future cellular systems, interference management will be a real challenge due to het-
erogeneity (small cells, remote radio head, D2D, M2M, multi-RAT services etc.), dense
spectrum reuse (overlay/underlay D2D, M2M), and network densification. Although
this hierarchical heterogeneity promises tremendous capacity and coverage enhance-
ments, the resulting interference is expected to be manifolds higher as compared to
present deployments.
In present OFDMA based cellular systems, intra-cell interference is mitigated using
orthogonal sub-carriers, however, inter-cell interference exists due to frequency reuse
(reuse-1). This inter-cell interference has negligible effect on cell-centre users and severe
effects on cell-edge users. In literature, this inter-cell interference is addressed using
different mitigation techniques like randomization, cancellation, and coordination [97].
The randomization techniques average out the interference across the whole spectrum
using scrambling, interleaving etc. Hence, the interference is not mitigated rather dis-
tributed equally and fairly over the system bandwidth [98]. The cancellation techniques
apply advanced signal processing at the receiver (e.g., interference rejection combin-
ing (IRC)) to reject the interference in a single-cell environment whereas coordination
techniques push the interference to the cluster level comprising multi-cell environment.
Hence, the notion of interference for cooperative networks has been changed to inter-
cluster instead of inter-cell interference. In ideal coordination techniques, intra-cluster
interference is completely removed, whereas inter-cluster interference limits the system
performance. The ICIC techniques employ either selective frequency reuse, selective
power reuse or selective invert power frequency reuse. The frequency reuse (fractional
frequency reuse (FFR), partial frequency reuse (PFR), and soft frequency reuse (SFR))
improves the cell-edge performance, however, the major drawback of such techniques is
the spectrum under-utilization that directly degrades the overall system performance.
The selective power reuse technique is based on higher power for cell-edge users as
compared to cell-centre users by keeping orthogonal frequencies to avoid inter-cell colli-
sion. This approach overcomes the spectrum under-utilization, however, no significant
capacity gain is achievable since interference avoidance in this case is entirely depen-
dent on good channel conditions [99]. The invert power frequency reuse technique is
the hybrid of frequency and power reuse. This technique is suggested to achieve per-
formance trade-off between under-utilized spectrum with higher cell-edge throughput
and fully-utilized spectrum with lower cell-edge throughput [100, 101].
The ICIC techniques have further been evolved as eICIC for LTE-A. These techniques
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are categorized into time, frequency, and power domains. In time domain, the in-
terference is handled by sending either almost blank sub-frame (ABS) or employing
symbol shift for the two interfering cells (aggressor and victim) [102]. The cell selection
bias is introduced to ensure received signal strength based user association in favour
of pico-cell. In frequency domain, the physical signals and control channels are com-
pletely orthogonal among aggressor and victim cells, thereby mitigating interference at
the cost of reduced bandwidth [103]. In order to optimize the resources and employ
interference control, almost blank resource block (ABRB) is suggested in [104]. The
ABRB is defined over both time and frequency domains unlike simple time-domain
ABS approach. Hence, it provides more granularity in resource allocation. The ABRB
is a generalization of ABS approach and it provides further improvements by providing
co-tier (macro-macro) interference control along with cross-tier (macro-pico) interfer-
ence control. The power domain techniques employ power control mechanism in indoor
low-power nodes, however, reducing the maximum transmit power of low-power nodes
may degrade the overall performance especially in case of femto-cells [98].
In SARC, the interference management has some potential flexibility. Since, the cBS
and dBSs are operated on different bands, hence the cBS UEs can roam even in the
coverage area of dBSs without causing interference. In the coverage area of cBS, the
cell-centre cBS UEs see no interference from neighbouring cBSs due to longer path-loss.
However, the cell-edge cBS UEs are effected by the inter-cell interference. In case of
dBS UEs, inter-cell interference is higher due to ultra-dense deployments of dBSs. In
such dense environment, interference-aware transmission may be realized at two levels.
The first may consider interference mitigation between cBSs by realizing long-range
cBS clusters. The second may consider CB for clusters of densely deployed dBSs.
2.2.4 Mobility Management
The optimal mobility management ensures the capacity and coverage of mobile cellular
networks. In literature, different approaches are reported for mobility management. In
[105], macro-cell cooperation and Manhattan grid layout has been proposed for mo-
bility management. The simulation results show that without this cooperation, dense
small cells would require at least 4 times more re-connection load. This study inves-
tigates potential advantages in mobility management due to macro-cell cooperation,
however, cell sleeping phenomenon has not been considered in this study. The authors
in [106] analysed the mean handover rate and the mean sojourn time in macro-cell
assisted small-cell architecture. The BSs are deployed as PPP with serving zones as
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Poisson Voronoi Tessellations (PVT). The random way-point is considered for the user
mobility. The analytic expression show that the handover rate and sojourn time are
simply a function of user velocity, transmission probability, and BS density, however,
similar to [105], cell sleeping phenomenon has not been considered. The study in [52]
considered 4 Phantom cells per macro-cell to evaluate the handover performance. It
has been observed that the handover failure gets worse as the density of phantom cells
increases. The handover are only considered for Phantom-Cell-to-Phantom-Cell with-
out investigating the impact of macro-cell handover and cell sleeping on overall mobility
management.
The potential advantages of SDN technology for mobility management has been dis-
cussed in [107]. The functional description of three approaches for handover manage-
ment are presented. These include 1). Centralized SDN, 2). Semi-centralized SDN,
and 3). Hierarchical SDN. The main problem of preserving session continuity and
scalability of handover is discussed. Similarly, the functional description and architec-
ture of DMM in SDN/OpenFlow has been presented in [108]. Both these studies are
mainly a functional level discussion without providing design guidelines for mobility
management. For further details on SDN networking, the reader is referred to [109].
The mobility management for high-speed railway wireless communication networks
has been considered in [110, 111]. The evolution of GSM for railway (GSM-R) to
LTE for railway (LTE-R) has yet not been standardized [112], however, LTE has been
considered to study the impact on performance of European Train Control System
(ETCS) railway signalling [110]. This study did not consider control and data planes
separation unlike [111] where theoretical analysis and simulation results are presented
to emphasize higher security of train control system and larger capacity for passenger
services by using separation framework. This study, however, did not mention the
impact of fast handover on system performance.
In future cellular systems, mobility management should be as seamless as possible for
multi-cell and multi-RAT technologies in order to provide ubiquitous coverage and meet
the capacity demands of UEs. In CARC, coverage is provided distributively by different
BSs in their respective coverage areas. In such architecture, each BS has limited local
knowledge of the network. Since, the coverage and control is not centralized, hence the
serving BS might not be knowing the possible optimal sleeping BS in the vicinity to
initiate handover. It might be the case that the serving BS initiate handover to the
first tier of neighbouring sub-optimal multi-cell or multi-RAT BS whereas the optimal
sleeping BS is present in the higher tiers of neighbouring BSs. This is due to the non-
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availability of signal strength of sleeping BSs as well as lack of global knowledge of the
multiple tiers of BSs. In SARC, the cBS is centralized with global knowledge of all
dBSs (active or sleeping) in multiple tiers in the whole coverage area. The cBS has the
context information and it can predict the signal strength of sleeping dBS e.g., using
simple distance dependent path-loss and statistical channel conditions, to select, awake
and initiate handover which is not possible in CARC. However, this flexibility comes
at the expense of more intense signal processing in cBS to find the optimal set of BSs
for handover procedures. One of the limitation of SARC is that if cBS fails due to
any reason, the whole coverage area might black out, whereas in CARC, failure of one
BS just affects a small portion of the coverage area. However, this limitation can be
mitigated by a self-organized backup cBS. The global coverage with sleeping data cells
in coverage area and dBS selection scenarios are depicted in Fig. 2.2.
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Figure 2.2: Active and sleeping dBSs in coverage area of cBS.
In this figure, the channel conditions vary for different deployment scenarios. It might
be possible that the closest dBS provides worst data service due to deep fades and
shadowing effects as compared to the farthest sleeping dBS. However, the central control
of cBS provides flexibility in dBS selection by incorporating wake up mechanism for
sleeping dBSs.
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Cell (re) Selection
The cell (re)selection in SARC is different from CARC. Two possible scenarios of UE
activity are described. The first comprises in-active mode where UE does not require
data services. Only coverage is required which is provided by the cBS. The UE can
be stationary or moving in the coverage area of either dBSs or cBS without requiring
any handover procedures. In CARC, the cell (re)selection and subsequent handover is
carried out for even in-active UEs to provide ubiquitous coverage. This is due to the
coupling of control and data planes. The second case consists of active mode where UE
requires data services. This case is quite complex as compared to CARC where data
session needs to be established in the same BS that is providing the control signalling.
In CARC, if the BS is sleeping, then the coverage has to be provided by neighbouring
BSs whereas in SARC, cell-sleeping is more flexible as global coverage is provided by the
cBS (even in coverage areas of dBSs). Therefore, the notion of cell sleeping in SARC
is different than CARC. Since the SARC is more feasible for cell sleeping mechanisms,
the cell (re)selection procedures become complex as compared to CARC. The mobility
management in SARC has to consider the sleeping cells into account while optimizing
the dBS selection for the requested data service. Although cBS has global knowledge
of dBSs and UEs in the coverage area, it does not know the channel conditions between
sleeping dBS and associated near-by UEs. In best channel conditions, the near-by
sleeping cell is the best candidate for data services so the cBS can wake up the sleeping
cell by assuming simple path-loss model and performs the cell (re)selection as well as
handover procedures. However, in worst channel conditions, there can be a case that
the near-by dBS might provide worse received signal strength as compared to a far
sleeping dBS. In CARC, the UE reports RSRP measurements of neighbouring BSs to
the serving BS. In SARC, the cBS is long range and hence UE can report the RSRP
measurements of dBSs directly to the cBS that can manage cell (re)selection globally
(further potential gains of this strategy are highlighted in Sec. 2.4.1). However, the
measurements by the UE exclude sleeping dBSs and therefore some other mechanism
should be devised for predicting the channel conditions of sleeping dBSs. The cell
(re)selection may be based on conventional procedures (RSRP based), though, such
procedures are more challenging in SARC due to the sleeping cells in coverage area.
The complexity is traded-off with more centralized control on cell-sleeping to conserve
energy for green cellular communication.
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Handover Procedures
The handover requirements in SARC and CARC are different. In CARC, complete
handover is initiated for cell-centre or cell-edge users. However, in SARC, partial
handover might be required depending on cell-centre or cell-edge users. Therefore,
SARC handover can be classified into partial and full handover. In partial handover,
only data plane handover (DPHO) is required for cell-centre users and control plane
is intact. For cell-edge users, complete handover consisting of control plane handover
(CPHO) and DPHO might be required. Therefore, SARC offers significant reduction
in CPHO overheads for cell-centre users. However, the complete handover in SARC
is complex as compared to CARC where the handover is performed softly as both
control and data sessions are handed over to a single neighbouring BS. In SARC, the
control handover is made to the neighbouring cBS and data sessions are handed over
to the active or sleeping dBSs in the neighbouring coverage area. This procedure might
produce delays in case of sleeping dBSs. Therefore, an agile and robust soft handover
is needed in SARC for cell-edge users. In spite of this complexity, the potential gains in
SARC due to CPHO overhead reduction can be significant due to the increased number
of cell-centre users. The simplest handover procedure for CPHO and DPHO is depicted
in Fig. 2.3.
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Figure 2.3: Handover Procedure
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In this figure, I have shown different scenarios for handover which are discussed below.
Control Plane Handover (CPHO) In CPHO, the cell-centre users do not require
handover as discussed above. However, for cell-edge users, CPHO is required whether
the UE is in active or in-active data sessions. In case of in-active data sessions, the
CPHO is not complex and it can be initiated and performed quickly without incurring
delays and hence providing ubiquitous coverage. However, in active data sessions,
handover procedures might be challenging due to decoupling of control and data BSs.
Data Plane Handover (DPHO) In current LTE systems, the handover is initiated
based on events (A1-A5) where the main theme behind these events is to set a certain
threshold between serving and neighbouring BSs for handover initiation. When the
signal strength of neighbouring cell is higher than the serving cell, a handover procedure
is initiated. A brief description of events [113] is described as follows:-
• A1: Serving cell becomes better than threshold.
• A2: Serving cell becomes worse than threshold.
• A3: Neighbour becomes offset dB better than serving cell.
• A4: Neighbour becomes better than threshold.
• A5: Serving becomes worse than threshold 1 and neighbour becomes better than
threshold 2.
In SARC, the cell-centre users require DPHO based on UE activity. This case can
be quite complex as compared to CARC. In case the dBSs are active, then the DPHO
procedures are not very complex and no waking-up mechanisms are required. However,
the sleeping dBSs may pose challenge to the cBS. Since in this case, the cBS may require
localization of UE and prediction of sleeping dBSs channel conditions for optimum dBS
selection among the neighbouring dBSs. Many factors need to be considered before
actually waking-up the dBS. It might not be advisable to wake-up a dBS just for short-
time roaming users. In order to provide optimum DPHO, mobility trends might be
predicted based on context and history to differentiate between short/long term UE
camping and avoid ping-pong effects before waking up the dBS. The quick view of
mobility management, cell (re)selection, and handover procedure is given in Table 2.4.
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The discussion of above mentioned performance measures target two aspects: 1) short-
comings of the existing approaches, and 2) potential gains due to SARC architecture.
In order to provide a quick view of this discussion, I provide shortcomings of CARC
and potential gains due to SARC in Table 2.5.
Table 2.4: Mobility Management in CARC and SARC.
Quick View of Mobility Management
CARC SARC
BS
Knowledge
Knowledge of the multiple tiers
of BSs is not available.
Global knowledge of all dBSs
(active or sleeping) due to cen-
tralized cBS
Sleeping
BSs
RSRP is not available. cBS can predict statistical
RSRP.
Handover Serving BS cannot initiate han-
dover to sleeping BS.
Initiate wake-up mechanism and
subsequent handover
BS failure Failure of one BS affects small
portion of the coverage area.
Whole coverage area can be af-
fected.
Cell (re)selection
CARC SARC
If the BS is sleeping, then the coverage
has to be provided by neighbouring BSs.
Flexible cell sleeping mechanisms require
complex cell (re)selection procedures.
UE reports RSRP measurements of
neighbouring BSs to the serving BS.
UE reports the RSRP measurements of
dBSs directly to the cBS that can man-
age cell (re)selection globally.
Handover Procedures
Complete handover is initiated for cell-
centre or cell-edge users
Partial handover for cell-centre users and
full handover for cell-edge users
Complete handover is performed softly as
control/data sessions are handed over to
a single neighbouring BS.
Complete handover in SARC is complex
due to decoupled control and data planes.
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Table 2.5: Shortcomings/potential gains due to CARC/SARC.
Perf.
Measure
General
Approach
Shortcomings due to
CARC
Potential Gains due to
SARC
Energy
Efficiency
⇒ Dynamic BS
switch-off
⇒ Renewable
energy
resources
⇒ Smart grid
⇒ Coverage hole problem.
⇒ High interference (in
cell range expansion).
⇒ Higher power consump-
tion (HO signalling).
⇒ Renewable and smart
grid solution do not
address under-utilized
network problem.
⇒ No coverage holes.
⇒ No cell range expansion
(ubiquitous coverage).
⇒ Reduced power con-
sumption due to
reduced HO signalling.
⇒ Renewable and smart
grid can be added in
main resources.
System
Capacity
⇒ Spectrum
efficiency
⇒ Spectrum
aggregation
⇒ Network
densification
⇒ No mm-Wave commu-
nication (due to cov-
erage issues) results in
loosing huge contiguous
spectrum.
⇒ Control plane restricts
payload size.
⇒ Limited pro-active
caching due to local
context.
⇒ mm-Wave communica-
tion to exploit contigu-
ous spectrum and en-
hance capacity without
loosing coverage.
⇒ Decoupled control; no
restriction on payload.
⇒ Wake-up mechanism
and pro-active caching
due to global context.
Interference
Management
⇒ Interference
avoidance
⇒ ICIC/eICIC
⇒ CB and
CoMP
⇒ Low degree of freedom
for users.
⇒ Handover for in-active
users, while moving,
causes interference.
⇒ Active users require full
handover.
⇒ No CPHO for in-active
users.
⇒ Only DPHO for active
users.
⇒ Reduced interference
due to less CPHO and
DPHO.
Mobility
Management
⇒ Macro-cell
cooperation
⇒ Macro-cell
assisted SCs
⇒ SDN
approach
⇒ Difficult cell sleeping.
⇒ Challenging CSI acqui-
sition in sleeping sce-
narios.
⇒ Cooperation requires
overhead signalling on
back-haul.
⇒ Flexible cell sleeping
due to global coverage.
⇒ Statistical CSI due to
centralized control.
⇒ Pro-active network
caching can reduce
overhead signalling.
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2.3 Cooperative Communication (Essential Background)
The cooperative communication is a broad term encompassing mainly two categories of
wireless networks e.g., cellular, and ad-hoc. The objective of cooperation in both cases
is same i.e., nodes should act as cooperative agents for other nodes in order to improve,
for example, coverage probability, interference management, and capacity of the overall
system [114]. However, the cooperation strategies are different due to the presence
and absence of infrastructure in former and later cases, respectively. For example,
in ad-hoc networks, wireless nodes spontaneously and dynamically self-organize into
an arbitrary and temporary infrastructure [115] without relying on central controller
(e.g., BS) for the signalling flow and connection management, whereas, in cellular
cooperative networks, the wireless nodes are controlled and dependent on the serving
BSs. However, cooperative communication with little involvement of BS can be seen
in case of D2D communication. This type of communication can be considered as
infrastructure based ad-hoc links where peers act as either mobile relays (e.g., content
dissemination) or the source nodes (e.g., file transfer, exchange of common contents
etc) with little involvement (control signalling) of access and core network. In this
context, D2D communication can also be categorized as cooperative communication to
assist the network for content dissemination or ad-hoc type direct communication.
In this section, I provide essential background to understand infrastructure based multi-
cell BS coordination (e.g., CoMP), self-organized BS clustering and network-controlled
D2D communication.
2.3.1 CoMP Classification
CoMP can be classified from a number of different perspectives. For example, if the
transmission direction is taken into consideration, then CoMP is classified as either joint
detection (JD) (up-link) or joint transmission (JT) (down-link). From the cooperation
system architecture, CoMP can either be centralized, decentralized or distributed. The
level of CoMP coordination is quantized into no, limited, and full cooperation. Based
on this quantization, CoMP scales into either intra-cell beam-forming, multi-cell CB,
or fully coordinated CoMP. The classification of CoMP is illustrated in Fig. 2.4.
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Figure 2.4: CoMP Classification
Joint Detection
In multi-cell JD, each BS receives signals from its respective UEs and exchanges either
quantized or un-quantized signal between cooperating BSs. In a typical scenario, a BS
suffering from high co-channel interference sends cooperation request to the partici-
pating BSs. This request includes the cooperation mode and physical resource block
(PRB) associated with the effected UE. The cooperating BSs exchange the quantized
signal of the requested UE depending on the cooperation mode as follows:
• IQ Samples Transfer: A frequency-domain in-phase quadrature (IQ) samples
representing complex constellation points of the requested UE are extracted from
Fast Fourier Transform (FFT) module and transferred to the serving BS. The
serving BS processes the IQ samples as if they were received by its own antennas.
• Soft Coded Bits Transfer: In this cooperation mode, the cooperation request
of serving BS must contain not only the PRBs of the transmitted signal, but
also its modulation and reference signals. After equalizing and demodulating
the received signal, the cooperating BSs transfer the quantized soft values of the
coded bits back to the serving BS.
• Decoded Bits Transfer: The serving BS also mentions the decoder of the asso-
ciated UE and shares it with cooperating BSs which demodulate and decode the
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signal, perform cyclic redundancy check (CRC) and transfer the decoded data
back to the serving BS on successful CRC check. After receiving the response
message, the serving BS performs selection combining. For details on JD algo-
rithms, the reader is referred to [116, 117, 118, 119].
Joint Transmission
In multi-cell JT, CSI and user data of each UE in cooperation set is exchanged be-
tween cooperating BSs. Each BS designs beam-formers and jointly transmit the data
to the target UE. In this scheme, coherent transmission plays a key role to achieve
maximum performance gain of JT. The reader is referred to [120, 121, 122] for optimal
JT strategies.
Centralized
In centralized JD, the cooperating BSs decode the received signal of the corresponding
UEs according to the cooperation mode (mentioned in 2.3.1) and share it with the BS
that acts as a centralized node to jointly decode all UEs. In case of centralized JT,
each participating BS of cooperation cluster send the CSI to the centralized controller
which finds global optimal pre-coding vectors. These pre-coding vectors are then shared
between participating BSs to exploit inter-cell interference.
De-centralized
In decentralized JD, every cooperating BS individually and independently decodes the
up-link transmission of respective UEs by exploiting CSI that has been shared between
all BSs in the cooperation cluster. In case of JT, every cooperating BS has different
extent of CSI knowledge and no BS in the cooperation cluster has full knowledge of
global CSI at transmitter. The global optimal pre-coding is not possible in this case
and hence this decentralized JT provides sub-optimal solutions.
Distributed
This scheme is similar to the centralized approach with only difference that there is no
dedicated central unit (CU) and any participating BS can act as a centralized node in
a distributed manner.
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Intra-cell beam-forming
In case of non-cooperative CoMP, BSs do not exchange information, rather perform
individual intra-cell beam-forming based on limited feedback from their respected UEs.
Based on feedback, each serving BS performs interference-aware scheduling and the
corresponding UEs have the capability of IRC receiver.
multi-cell Coordinated beam-forming
In this case, the cooperating BSs exchange CSI between each other in order to reduce
the inter-cell interference. This level of coordination requires small back-haul capacity
and is known as coordinated beam-forming in 3GPP LTE-A literature.
Full Cooperation
In case of full cooperation, CSI and user data of each CoMP-enabled UE is exchanged
between cooperating BSs. This scheme requires very large back-haul capacity and strict
synchronization requirements to perform joint signal processing. The full extent of this
cooperation may be exploited by adopting coordinated and coherent transmission to
the target UE.
2.3.2 CoMP Clustering
Due to signalling overheads on air interface and back-haul, the number of BSs in co-
operation cluster is limited in practice. For such cooperating BSs, the clustering can
be static or dynamic. The static clustering is designed on the basis of geographical
positioning of BSs and is kept constant over time and channel conditions. However,
dynamic or adaptive clustering adapts the channel conditions and is comparatively
more complex. The adaptive clustering for current cellular system is suggested by ex-
ploiting existing radio frequency measurements reported by UEs to the serving BS [123]
as shown in Fig. 2.5.
In such an approach, huge number of average RSRP measurements are extracted from
the measurement report messages by serving BSs of respective UEs. These huge mea-
surements are categorized in the form of reporting sets and sent to the CoMP CU
(CCU) which selects the cooperation cluster based on some performance indicator.
These indicators may, for example, include system load, delay, system complexity,
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Figure 2.5: Self-organizing Network Based Adaptive Clustering
Source: Coordinated Multi-point in Mobile Communications: From Theory to Prac-
tice [124].
combined signal strength, user priority classifications, or other network related metrics
[123]. The advantage of this approach is that it can utilize the existing framework
of 3GPP (functions such as automatic neighbour relation (ANR), neighbour relation
tables (NRTs)) to provide self-organizing network (SON) based clustering solution.
2.3.3 Device-to-Device Cooperation
In present cellular systems, we have HetNets that comprise macro-cells, small-cells
(micro, pico, femto), access points, and smart mobile devices. In future cellular sys-
tems, ultra-dense HetNets are expected where capacity and coverage can be met by
cooperation between different nodes. In this context, even more smaller granularity of
cooperation is expected e.g., CB/CoMP at device level (D2D CoMP) and D2D coop-
eration for content dissemination or common information exchange.
D2D communication has an old origin in the form of ad-hoc and personal area network-
ing technologies in unlicensed spectrum bands e.g., industrial, scientific, and medical
(ISM) bands. In this case, short range communication is possible without infrastructure
unlike cellular communication where network control is mandatory. Although such ad-
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hoc communication requires very less control signalling, it inherits certain drawbacks
such as limited content sharing, no point-to-multipoint links, synchronization issues,
authentication, and security concerns. D2D communication has also been proposed in
licensed spectrum especially in cellular bands in either ad-hoc or network-assisted mode.
The ad-hoc mode of D2D communication in licensed spectrum offers limited applica-
tions similar to the unlicensed counterpart, however, network-assisted D2D communi-
cation in cellular band has many applications and services including proximity-based
commercial services, social networking, video sharing, mobile relaying, gaming, traffic
oﬄoading, capacity enhancement (frequency reuse), extended cellular coverage, and
improved energy efficient communication.
D2D communication has been studied by research community quite long. In early 2006,
mobile communication system Aura-Net, based on wireless technology FlashLinQ, was
proposed. This communication system exploited D2D communication for proximity-
aware inter-networking to enhance the capacity and coverage of wireless wide area
network (WWAN) [125]. The proposed system features distributed spatial spectrum
reuse protocol that is scalable to different levels of proximal granularity. It is mentioned
that Aura-Net provides a template for future proximal aware “Internet of Things”.
The smart communication devices have the capability to be virtually connected to any
device, any time, anywhere. This global connectivity offers remoteness as well as prox-
imity at the same time. Coupled with proximity services, the ultra-dense heterogeneity
of future cellular networks can be exploited to achieve potential advantages of low-range
high-rate D2D data communication to enhance capacity and coverage. D2D commu-
nication is considered as a sub-feature of 3GPP LTE-Direct Rel-12 [14]. It comprises
two main features:
1. Device to Device Peer Discovery
2. Device to Device Data Communications
In order to complement huge SC deployments and overcome OPEX and energy ef-
ficiency concerns, traffic off-loading from cellular to multi-RAT networks, other unli-
censed wireless infrastructures (e.g., Wi-Fi) and multi-hop ad hoc links between devices
drew much attention recently. The MOTO project [15] funded by the European Com-
mission under FP7 proposes traffic oﬄoading where D2D communication is one of the
ingredients. The establishment of D2D links can be considered as ad-hoc network in
infrastructure where the network resources are reused by mobile peers directly with
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little involvement (control signalling) of access and core network. In this hybrid archi-
tecture (infrastructure based ad-hoc links), huge capacity, ubiquitous coverage, energy
efficiency, and back-haul gains are promised by exploiting maximum D2D links and
reusing the resources optimally.
D2D communication is being considered as an integral part of next generation cellular
networks where proximity services and social networks are dominating over conventional
services. The network-assisted D2D communication offers another tier of communica-
tion within a cell by reusing the spectrum resources. The reduced distance between
nodes improves spectral efficiency, throughput per area, energy efficiency, and latency.
The link reliability can be improved by migrating from multi-hop to single hop commu-
nication (mesh-like topology). The coverage can be enhanced by multi-hop cooperation
between devices which can be the only communication in case of no coverage-zone, cov-
erage holes, and emergency situation. The load balancing and load management can
be optimized by network and device pro-active caching of common information and
oﬄoading the devices to establish direct links [126]. Hence, D2D links in future cellular
networks are key enablers for traffic off-loading, reducing access delays, optimal resource
utilization, capacity and coverage enhancements, and energy efficient communication.
The huge potential performance gains due to direct communication are coupled with
certain challenges that include QoE, QoP, user consent, battery issues, and cellular
aspects. These factors are very important and can directly effect the performance
gains of D2D communication. The QoE includes user perception, expectations, and
experience that needs to be maintained in cellular and direct mode of communication.
The QoE is a measure of user’s desired or expected experience about cellular services.
Though user might not be interested in specific mode of communication (cellular or
D2D), he can be considered as perceiving seamless switching between two modes and
enjoying services at agreed QoS. The QoP refers to the confidentiality and privacy which
is even more severe when the locations and contents may be compromised by intruding
D2D partner. However, this can be tackled by incorporating simple authentication,
authorization and accounting (AAA) procedures to block such attacks. Even with this
solution, using the device without the consent and permission of the mobile owner is a
big problem along with battery consumption issues. Using the device for D2D relaying,
for example, without incentivizing the mobile owner can not be realized practically. The
cellular aspects include interference management due to underlay D2D network, optimal
number of D2D nodes, exploitation of common interests (social relationship strength to
harness D2D communication), CSI between nodes, and synchronized switching between
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cellular and D2D nodes.
The D2D communication can be classified in a taxonomic representation as shown in
Fig. 2.6. The spectrum used for D2D communication can be either in-band or out-
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Figure 2.6: D2D Taxonomy
band. The in-band spectrum is considered as licensed cellular band whereas out-band
spectrum means unlicensed e.g., ISM band. D2D links can operate either in FDD,
time division duplex (TDD) [127, 128, 129], or full duplex mode [130, 131, 132, 133].
In FDD mode, two separate frequencies for transmit and receive are required at both
nodes of D2D link. This results in under-utilization of spectrum by underlay D2D
network. In order to overcome under-utilization of frequencies, TDD mode can be used
where single frequency is required for transmit and receive. This comes with more
complex transceiver design. The full duplex model allows single frequency without
slot sharing (as in TDD mode), however, this can be possible if self-interference due to
simultaneous transmission/reception can be cancelled. The interested reader is referred
to [133] for further details. The TDD and full duplex modes have potential advantages
of cost-effective transceiver design in small form factor. D2D communication is possible
without network, however, it has limited applications as compared to network-assisted
direct communication. The capacity and coverage can be enhanced either by overlay or
underlay system model. In case of overlay communication, the dedicated spectrum is
allocated for D2D network. This can be done by partitioning the available spectrum for
cellular and D2D users. In this system model interference management can be relaxed
due to allocating dedicated spectrum. However, this model results in low frequency
reuse and waste of cellular resources [134, 135]. A more complex underlay model can
be realized where maximum capacity and coverage can be achieved by sharing the
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same spectrum between cellular and D2D users (full frequency reuse) by incorporating
more sophisticated interference management techniques. The interference management
comprises either power or RRM depending on up-link or down-link spectrum reuse.
The reader is referred to [136] and [137] for further details on CoMP and more recent
study on CoMP for 5G networks, respectively. For D2D communication, [19] and [138]
provide comprehensive survey and tutorial on the subject.
2.4 Cooperation in SARC
The cooperation in next generation ultra-dense HetNet is indispensable especially when
huge D2D links are exploited. In this section, I provide preliminary discussion for pos-
sible extension of cooperation framework in SARC. In this context, I first propose how
state of the art technique for CARC can be extended for SARC. This is followed by
my proposal for D2D clustering and D2D CoMP in SARC. I further discuss realiza-
tion of SARC in cloud-RAN architecture, front-haul/back-haul limitations and possible
solution in the form of pro-active caching.
2.4.1 Coordinated beam-forming
In coordinated beam-forming, the desired and interfering CSI (ICI) is required at each
participating BS of the cooperation set. In conventional multi-cell CARC, UE mea-
sures channel state of serving and neighbouring BSs and reports the quantized channel
information to the serving BS. The serving BS sorts out ICI and exchanges correspond-
ing interference information to the participating BSs. The participating BSs receive
delayed interference information via back-haul and choose appropriate beam-formers.
In this mechanism, there are two drawbacks. First, the exchange of CSIs between
cooperating BSs incurs back-haul delay in addition to the feedback delay from UEs
(refer [139, 140] for further details). Secondly, in case the CSI is perturbed (due to
quantization effects, noise etc.) during exchange via back-haul, the interference at the
neighbouring cells cannot be perfectly removed resulting in sub-optimal performance
[141]. In order to highlight these problems, a simple system model of three cells is
considered where exchange of desired and interfering channels for SARC and CARC
are, respectively, compared in Fig. 4.1. In this figure, the down-link (up-link) desired
and interfering channels at UE (BS/dBS) are, respectively hk and gk,x for x ∈ {l,m}.
The UE normalizes and quantizes these channels to hˆk[n] and gˆk,x[n], respectively.
2.4. Cooperation in SARC 47
These channel are fed back by the UE to the serving BS/dBS. The purpose of limited
(quantized) feedback is to send the channel direction to the serving BSs [140] where
multi-antenna beam-forming (single-cell) or CB (multi-cell) vectors are chosen in such
a way that they lie in the null space of interference channel directions [142] to achieve
inter-cell interference nulling.
The feedback delay associated with CSI is Dk. Upon receiving the CSI, each BS
segregates and forwards ICI to the respective cooperating BSs via back-haul which
causes an additional delay Dk,x resulting into a total delay of Dbh = Dk +Dk,x where
Dk,x ≥ Dk. The relation between current and delayed CSI and ICI is given by Gauss-
Markov auto-regressive model [143] that assumes slowly time varying channels [142]:
hˆk[n] = ηkhˆk[n−Dk] +
√
1− η2kehk [n],
gˆk,x[n] = ηk,xgˆk,x[n−Dk,x] +
√
1− η2k,xegk,x [n], (2.1)
where ehk [n] and egk,x [n] are, respectively, desired and interferer channel error vectors
distributed as CN(0, 1). The corresponding auto-correlation functions are ηk and ηk,x,
respectively, defined by the Clarke’s auto-correlation model [143], [144] as:
ηk =b0 J0
(
2piDkfdTs
)
,
ηk,x =b0 J0
(
2piDk,xfdTs
)
, (2.2)
where b0 is the variance of the underlying Gaussian process, J0(·) is the zeroth-order
Bessel function of the first kind, fd is the maximum Doppler frequency
1, and Ts is the
symbol duration.
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Figure 2.7: System model for exchange of desired and interfering channels
1For static users, the velocity of receiver is zero and hence Doppler frequency fd reduces to operating
frequency f of radio transmission.
2.4. Cooperation in SARC 48
Based on above formulation, in Fig. 2.7(a), it can be seen that each BS exchanges the
quantized interference channel between cooperation set. This ICI experiences asymmet-
ric back-haul delay Dk,x. In such a distributed architecture, the coherent beam-forming
can not be achieved and, hence, the benefits of CB can not be fully exploited. How-
ever, in SARC, the CSI/ICI is fed back directly to the cBS, therefore Dk,x associated
with the dBS x is reduced to Dx. For this case, the auto-correlation function of the
interfering channel and corresponding ICI becomes
ηk,x =b0 J0
(
2piDkfTs
)
= ηk,
gˆk,x[n] = ηkgˆk,x[n−Dk] +
√
1− η2kegk,x [n], (2.3)
By reducing ηk,x = ηk in (2.2) and Dk,x = Dk in (2.1), we can see that, in Fig. 2.7(b),
the back-haul delay has been eliminated due to direct feedback from the UEs to cBS
and hence all beam-formers for the participating dBSs can be designed coherently.
Although coherent beam-forming can be carried out in SARC, the real problem is to
share the beam-formers to the corresponding dBSs via asymmetric back-haul links.
This problem can be tackled by incorporating centralized timing advance mechanism
in cBS CU to allow participating dBSs adjust the transmission to achieve coherent CB.
The distributed beam-forming suits to CARC architecture where CSI/ICI is available
in a distributed manner and beam-formers are designed at every participating BS. In
this case, the perturbation of ICI and corresponding back-haul delay directly effects the
performance of CB. However, in SARC, due to inherent centralized ubiquitous coverage,
the CSI/ICI from UEs can directly be fed back to cBS. The cBS can act as a CU to
design coherent beam-formers based on large number of measurement reports. The
advantage of this approach is that the back-haul signalling for exchange of interference
information and corresponding asymmetric delay can be removed. This approach can
further adapt the channel conditions more rapidly since the beam-forming does not
depend on back-haul delays. In order to address perturbation issue due to exchange of
ICI via back-haul links, the availability of global CSI at cBS can be leveraged to jointly
design beam-forming matrix. Although the exchange of jointly designed beam-forming
matrix may also be perturbed while exchanging beam-formers to the cooperating dBSs
via back-haul, the perturbation affects the overall matrix and results in fair system
performance unlike distributed beam-former design in case of CARC.
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2.4.2 D2D Clustering
In order to enhance spectral efficiency of cellular systems, intra-cell interference has
been tackled in LTE and LTE-A by using OFDMA technology and RRM. Therefore,
intra-cell interference is not a problem in such systems, however, inter-cell interference
exists for which cooperative communication (CB, and CoMP) has been suggested [124]
to coordinate interference between clusters of BSs and improve cell-edge performance.
In future ultra-dense HetNets, underlay D2D network is being considered as an integral
part for rapidly evolving proximal inter-networking. This smallest communication tier
reuses the resources of primary users within a cell and hence again generates intra-cell
interference which was previously mitigated by OFDMA technology. If we extend the
granularity of cooperation at device level and utilize centralized context and CSI (due
to separation framework) at cBS CU, we can flexibly control intra/inter-cell interference
and hence meet huge capacity gains and spectral efficiency demands of future cellular
systems without compromising energy efficiency, and overhead signalling cost (e.g., at
air interface or back-haul links). We can further improve these metrics by exploiting
self-organized D2D clusters and network controlled D2D communication.
In the following, I consider hierarchical HetNet (i.e., D2D tiers in cBS as well as dBS
tiers [23]) in SARC and realize D2D communication using channel condition and/or
social relationship between nodes as shown in Fig. 2.8.
Channel Conditions Based D2D Clusters
D2D communication can be realized either in ad-hoc mode or in the form of clus-
ters. In ad-hoc mode, I consider point-to-point links between devices. Since two nodes
are allowed to communicate based on shortest distance (reduced path-loss) criterion
therefore, in this case, small cooperation radius is required. This mode is feasible for
exchange of already cached common information between two devices. However, this
mode undermines the potential capacity gain due to the rejection of other nodes that
might come in the cooperation radius and request the same common information. In
clustered mode, I consider point-to-multipoint links between devices, therefore, requir-
ing comparatively higher cooperation radius. This mode is feasible for content dissem-
ination. Based on the channel conditions or reduced path-loss criterion, one node can
be selected by the network to disseminate contents to the requesting nodes. This mode
offers higher capacity gain as compared to ad-hoc mode of D2D communication. For
cluster regions in ad-hoc and clustered mode, I foresee interference due to:
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Figure 2.8: D2D clusters and interference sources in SARC.
• Primary cellular user.
• Intra-cluster D2D nodes.
• Inter-cluster D2D nodes.
In order to minimize mutual interference between cellular and D2D users, the power
optimization at conventional serving BS should consider up-link power control of not
only cellular users but also transmit power of near-by D2D nodes. This can be possible
if serving BS request near-by D2D nodes to share CSI between the nodes. The CSI may
also be used for network-assisted centralized or distributed beam-forming to mitigate
intra-cluster interference. Similarly, if I incorporate inter-cluster level cooperation,
further capacity gains may be envisaged.
Social Network Based D2D Clusters
The channel conditions based clustering of D2D nodes is realistic, however it provides
overestimated spectral gains due to the assumption that every node has common in-
formation to exchange with every other node. In order to assume realistic assumption
2.4. Cooperation in SARC 51
about common information exchange or content dissemination, social-aware D2D com-
munication should be considered. The social influence of different mobile users may be
quantized into different levels of social impact by exploiting the history and logs of each
user. For example, some mobile users have limited social influence in terms of assisting
the network for content dissemination or oﬄoading and they fit into the category of
cellular mode or ad-hoc mode D2D communication. On contrary, many mobile users
fall into the category of clustered type D2D communication where they can actively as-
sist the network for exchange of common information and content dissemination. Such
social influence may be exploited to model realistic D2D links/clusters. The exemplary
social network for different levels of social interaction is shown in Fig. 2.9.
Ad-hoc D2D 
Mode
Cellular
Mode
Clustered 
D2D Mode
Ad-hoc D2D 
Mode
Ad-hoc D2D 
Mode
U1 U2
U3
U4 U5 U6
U7
Figure 2.9: Social network offers cellular, ad-hoc, and clustered D2D modes.
In this figure, D2D link establishment can be done by considering different decision
criterion. In this context, different users may be assigned different levels of social influ-
ence. The social influence can be calculated using measures of centrality. For example,
I can use simple measure of closeness centrality to assign weights to different users in
Fig. 2.9. The closeness centrality is defined as the shortest distance between a refer-
ence node and all other nodes reachable from it [145, 146]. The simple mathematical
relation of closeness centrality can be given as:
Cc(Ui) =
[∑N
j=1 d(Ui, Uj)
]−1
N − 1 , (2.4)
where N is the total number of nodes and d(·, ·) is the shortest distance between
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reference node and all other nodes. Using (2.4), the closeness centrality1 weights can
be measured as shown in Table 2.6.
Table 2.6: Social influence using closeness centrality.
Social Influence
Closeness Centrality
Node U1 U2 U3 U4 U5 U6 U7
Closeness 0.52 0.78 1 0.78 0.78 0.56 0
Mode Selection
User Social influence Mode
U7 No Cellular
U1 and U6 Low Ad-hoc
U2 :: U5 High Clustered
According to closeness centrality calculated in Table 2.6, U7 has no social influence,
therefore it is suitable for cellular mode. The users U1 and U6 have low level of social
influence and hence they are feasible for ad-hoc mode D2D communication. The users
U2, U4 and U5 have slightly higher influence as compared to users U1 and U6 that allows
them to be considered for clustered mode D2D communication. In case of ties (e.g.,
U2, U4, U5), reduced path-loss or better channel conditions based criterion may be
used to establish link. User U3 has highest influence which make it suitable for content
dissemination in clustered mode of D2D communication.
Prediction Based Adaptive D2D Clustering
As mentioned in Sec. 2.3.2, the clusters can be static or dynamic where the latter offers
more gains as compared to former. The dynamic clustering and cooperation framework
is suitable for nomadic users [124]. Since D2D communication is being evolved for
proximity services and inter-networking, dynamic clustering and cooperation framework
is very feasible for such type of communication. The dynamic clustering can be extended
into self-organized adaptive clustering if the user mobility is predicted. For example,
by predicting dwell times of potential D2D users at serving dBS, the required signalling
for D2D clustering may be performed in a self-organized manner. Another advantage
1The closeness centrality has been normalized by the maximum weight in Table 2.6.
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of this approach is that the prediction of dwell times may allow to tackle ping pong
effects and reduce handover cost for switching between cellular and D2D modes. The
adaptive clusters can further be optimized by considering mobility patterns along with
reduced path-loss, common contents and channel condition criterion.
2.4.3 D2D CoMP
In previous sub-section, I have presented two modes of D2D communication i.e., ad-hoc
and clustered (Fig. 2.8). In both cases, cooperation framework for multi-cell BS i.e., CB
and CoMP can be realized in SARC for D2D communication. This type of cooperation
coupled with common information exchange (ad-hoc mode) or content dissemination
(clustered mode) is introduced as D2D CoMP. Since cBS has global context of every
node in the coverage area, it can discover nodes for either ad-hoc or clustered mode
communication e.g., by localizing nodes and applying shortest distance/reduced path-
loss criterion.
In order to get CSI between cooperating and requesting nodes, cBS can send a refer-
ence signal and request a CSI feedback. Based on RSRP values, one of the node in
cooperation cluster may send CSI directly to the cBS. The cBS can use this CSI to
design beam-formers and share with nodes in cooperation set for common information
exchange or content dissemination. D2D CoMP in SARC is shown in Fig. 2.10.
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Figure 2.10: D2D CoMP to manage interference in underlay network.
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In this figure, D2D cooperation regions are shown for ad-hoc and clustered mode D2D
CoMP operation. In case of ad-hoc mode, cBS needs to localize and discover an in-
fluential partner node1 with shortest distance (reduced path-loss) criterion. Once an
influential node (containing common information) is identified within proximity of re-
questing node, cBS can command influential node to send reference signal and subse-
quently request CSI feedback from the requesting D2D node. For example, in a simple
scenario, zero-forcing (ZF) or minimum mean-square-error (MMSE) [147] can be used
to design pre-coder to realize CB for ad-hoc mode D2D communication.
In case of clustered mode D2D communication, cBS needs to localize a set of influential
nodes (known as cooperating nodes in traditional CoMP) that can make cooperation
cluster for content dissemination. At this stage, cBS needs to know CSI between
requesting and influential nodes. Similar to the ad-hoc mode, cBS can command in-
fluential nodes to send reference signal and subsequently request CSI feedback from
the requesting node. However, CSI acquisition is more complex as compared to ad-
hoc mode due to higher number of distributed influential nodes. Here, I present one
strategy to acquire CSI at cBS. In this strategy, cBS schedules different time slots in a
time division multiple access (TDMA) fashion and allocate these slots to the influential
nodes. Meanwhile, cBS commands requesting node to acquire time division multiplexed
(TDM) reference signals, measure CSI and feedback to the cBS. Once CSI is acquired
by the cBS, ZF or MMSE, as mentioned for ad-hoc mode, can be used to design pre-
coders at cBS and shared with influential nodes. The D2D CoMP has potential gains
to mitigate interference, however, it comes with the additional cost of higher signalling
for CSI acquisition.
2.4.4 SARC in Cloud-RAN
The realization of control and data planes separation has been discussed briefly in
[51, 148, 149] through Carrier Aggregation (CA) and multiple remote radio head (RRH).
Similarly, in [150], the integration of software-defined RAN (SD-RAN) and BCG2 archi-
tecture (i.e., decoupled control and data planes) has been suggested to achieve greater
benefits and faster realization of both technologies. Motivated by such studies, I present
arguments to support SARC in existing cloud RAN (C-RAN) architecture. The C-RAN
solution comes into two types [151]. The first one is fully centralized where RRH pro-
1An influential node can be identified by utilizing the history/context of different nodes and as-
signing some weight based on the activity of the node e.g., time duration of active sessions, file up-
load/download frequency etc.
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vides radio function and the baseband functions (layer 1, layer 2, etc) are provided by
the base band unit (BBU). The second is partially centralized where layer 1 function-
ality of baseband function is integrated into the RRH. Both C-RAN solutions comprise
RRH, the radio function and antennas (located at remote sites as close to the UEs
as possible), mobile front-haul, the fiber link between RRH and BBUs (which can be
distributed or centralized at the central office (CO)). In order to realize SARC in C-
RAN (SC-RAN), some RRHs can be deployed at cBS for ubiquitous coverage and the
remaining RRHs for data services. The proposed SC-RAN is shown in Fig. 2.11.
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Figure 2.11: Split C-RAN Architecture
Source: Intelligent Transport NetworkTM Solutions
In this figure, SC-RAN is equivalent to traditional C-RAN with decoupled control and
data planes. The BBU stack in CO brings flexibility in C-RAN for joint management
of resources and the co-existence of control and data BBUs in SC-RAN can extend
this flexibility to share signalling, channel conditions (e.g., CSI), and user data. This
results into higher potential to perform joint signal processing e.g., CB and CoMP
[151]. The adaptive clustering is more manageable in centralized BBUs in SC-RAN
due to global control of the coverage area (cBS BBU). The notion of cell-sleeping can
be realized and load balancing, mobility management, and interference management
can be accomplished more flexibly with reduced OPEX and higher energy efficiency
resulting into future green cellular networks.
The flexibility of realizing SC-RAN comes with the expensive requirement of front-
haul/back-haul links. Since, huge information needs to be exchanged between cooper-
ating dBSs in case of CoMP, high capacity front-haul/back-haul links are required. In
order to address the problem of high capacity back-haul requirements, the distributed
caching of contents in femto-cells has been proposed in [152, 153]. These approaches
use high storage capacity at femto BS to cache most popular contents and harnessing
2.5. Conclusion 56
D2D communication for content delivery. Recently, the back-haul problem in CoMP
has been addressed using cache-enabled relays and BSs [154, 155, 156]. All these ap-
proaches are based on cache-enabled opportunistic cooperative MIMO framework where
a portion of contents are cached at cooperating set of relays or BSs to relax back-haul
capacity requirements. Such approaches may be used in SC-RAN, where partially cen-
tralized C-RAN (with layer 1 functionality integrated into RRH) can be incorporated so
that cache-enabled dBSs can provide high-rate data services in CoMP fashion without
requiring huge capacity requirements.
2.5 Conclusion
In this chapter, I outline several performance measures to highlight potential gains and
give motivation for evolution of traditional coupled architecture towards control and
data planes separation. The different perspectives of energy efficiency, system capac-
ity, interference management and mobility handling are discussed. Since, control and
data planes separation approach is in its early stage, little literature exists that ad-
dresses some of the performance measures (e.g., [52, 53] evaluates energy and spectral
efficiency). Wherever possible, I have provided survey of the approaches proposed for
separation architecture; otherwise, I have provided my view point for potential advan-
tages and associated complexities in SARC. By considering different scenarios from
the perspective of outlined performance measures, it is revealed that there is a huge
potential for capacity and energy efficiency enhancements by separating control and
data planes. Moreover, the SARC provides flexibility in mobility management at the
cost of more complex signalling network. The second part of this chapter provides
background on cooperation framework for interference management in multi-cell envi-
ronment. It is emphasized that there are several potential advantages of sending CSI to
the cBS and exploiting pro-active caching to realize back-haul relaxed CB and CoMP
for interference management in future ultra-dense cellular environment.
The perspective of cooperation has been presented where cooperation means assisting
network for common information exchange or content dissemination between near-by
devices in the form of ad-hoc or clustered mode direct communication. D2D CoMP
has been introduced where conventional cooperation framework has been suggested to
handle intra-cell interference. Due to ubiquitous coverage in SARC, centralized cBS
offers more flexibility in CSI acquisition and corresponding beam-forming for CB and
CoMP operation. The centralized cBS also offers higher degree of freedom to predict
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nodes for content sharing and it can even be combined with network pro-active caching
and adaptive clustering for self-organized D2D communication.
In state of the art, the stochastic modelling of underlay D2D network is based on
simple SPPP. This point process is characterized by features such as complete spatial
randomness, constant intensity measure and homogeneous distribution. In real cellu-
lar deployments, the MTs are not independent (due to homophilic relationships); not
distributed homogeneously (due to inhomogeneous geographical terrains); show ran-
dom intensity measure (due to handover). In such a scenario, simple SPPP model is
too conservative to capture spatial dependence between MTs, intensity measure and
inhomogeneous distribution. In order to realize more realistic underlay D2D network, I
propose constrained SPPP based stochastic framework in next chapter. The path-loss
based physical distance is considered in D2D pairing. This approach results in thinning
of interference on primary cellular user. Based on this D2D pairing and interference
thinning, the coverage probability of primary cellular user is derived.
Chapter 3
Spatial Proximity and D2D User
Density
The homogeneous PPP and marked PPP (MPPP) are widely used to model temporal,
spatial or both topologies of BSs and MTs [157, 158, 159]. The same processes can
be used to model underlay D2D network. The number of potential nodes for D2D
communication i.e., D2D user density is an important parameter that characterizes
intra-cell cross-tier interference and dictates the system capacity. In order to make
D2D pairs, the first and foremost criterion is to check spatial proximity i.e., reduced
path-loss1 between potential pairs. In Stochastic framework, this spatial proximity is
governed by nearest neighbour distribution function. In this chapter, I consider physical
distance based spatial proximity to realize D2D pairing. In this context, the retention
probability, based on reduced path-loss, has been incorporated in Laplace functional of
PPP to consider shortest distance based D2D pairing. Considering spatial paradigm
for D2D pairing, I derive analytic expressions2 for average coverage probability of 1).
primary cellular user and 2). reference D2D pair to analyse the impact of D2D user
density.
3.1 Related Work on Spatial Distribution
The homogeneous PPP and its variant MPPP have special characteristics to provide
mathematical tractability for modelling spatial distribution of macro cells, small cells,
1In this thesis, I will interchangeably use reduced path-loss and shortest physical distance.
2In this research work, I used MAPLETM and MATLABR© to, respectively, derive and numerically
evaluate the analytic expressions.
58
3.1. Related Work on Spatial Distribution 59
and cellular users. These tools are widely used in literature [157, 158, 159] to derive
the analytic expression for transmission capacity and outage probability of cellular and
D2D users; however, no notion of D2D pairing, based on shortest physical distance, has
been assumed. This means every node is considered in D2D communication even if the
nodes are not in a feasible cooperation region1. The maximum achievable transmission
capacity of D2D communication in heterogeneous networks with multi-bands has been
analysed in [160]. The problem has been formulated as a sum capacity optimization
problem for D2D network where outage probabilities of cellular and D2D users are set
as constraints. The results of [160] are based on MPPP for D2D user density, however,
similar to the previous papers, no analytic representation of some criterion-based D2D
pairing has been considered.
To overcome this shortcoming in the literature, I present an analytic framework for the
analysis of reduced path-loss based D2D pairing and corresponding average coverage
probability in terms of D2D user density. Using mature framework of Stochastic geom-
etry and MPPP, I introduce retention probability in Laplace functional of MPPP to
capture the effect of reduced path-loss based selection of D2D pairs. By assuming ev-
ery node in D2D communication (no D2D pairing criterion), a lower bound on average
coverage probability has been introduced as a special case.
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Figure 3.1: System model for spatial proximity and D2D user density analysis.
1The distance between nodes can be as large as twice the radius of the cell which is not a realistic
assumption for direct communication.
3.2. System Model 60
3.2 System Model
Consider small cell BS (SBS), primary cellular user, and potential D2D users as shown
in Fig. 3.1. In this system model, I assume that the potential D2D users share the
up-link resources of primary cellular user. I consider TDD mode for each D2D pair.
In case of FDD, the interference at any time instant is simply half that of TDD mode.
The data and signalling is provided by the SBS to the primary cellular user whereas
only signalling is assumed for potential D2D users. For coverage analysis, two cases
are considered. In first case, the average coverage probability of cellular user is derived
at SBS where interference is generated by all D2D pairs including reference D2D pair.
I consider negligible interference at serving SBS from successful D2D nodes in neigh-
bouring SBSs due to negligibly small transmit power. In second case, the interference
is considered at reference D2D pair where not only neighbouring D2D nodes interfere
but primary cellular user also causes interference. To simplify the analysis, I ignore
interference from neighbouring SBS in this case.
3.2.1 Propagation Channel
The cellular and potential D2D users are distributed in the coverage area bounded
between SBS radius R and the protection region R0 ≈ 0. The distance between primary
cellular user and SBS is rc, whereas the distance between SBS and reference D2D pair
is rn. Every successful D2D pair has a distance of rd between nodes. The interference
due to the primary cellular user on reference D2D pair is captured by distance d.
I assume distance dependent path-loss and Rayleigh fading for channel gains. The
simple singular path-loss model (rc
−α) is assumed [161]1 where the protection region
ensures the convergence of the model by avoiding rc to lie at the origin. The exclusion
region R0  R such that it can be considered as an atom in point process terminology
i.e., R0 ≈ 0. All received powers (whether at SBS or at reference D2D receiver) follows
exponential distribution with mean 1.
1More complex models for path-loss and channel gains[162, 163] can be assumed, however, they
result in decreased tractability, and are left to the future work. In this research, my approach is to
assume standard models and analyse more realistic stochastic models for spatial distribution and D2D
pairing.
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3.2.2 Spatial Distribution
I assume homogeneous MPPP for distribution of potential D2D users to analyse the
average coverage probability of primary cellular user. The homogeneous MPPP Φ =
{xi, yi} is defined by marks and labels. The marks represent the spatial positions on
the plane xi ∈ R2 and labels represent the channel gains yi ∈ R+ of D2D users. In order
to incorporate selection criterion for D2D pairing, I assume reduced path-loss (shortest
distance) between potential D2D users. All nodes that do not meet this criterion are
excluded from D2D pairing. In this context, I convert Φ to Φp where p : R2 7→ [0, 1]
performs thinning process to analytically capture the shortest distance based selection
of points. The shortest distance is governed by nearest neighbour distribution function
of PPP as follows [7]:
p(rd < µ) = 1− exp
(− kpiλµ2),
p(r)
(a)
= 1− exp (− kpiλµ2), (3.1)
where left hand side in (a) is assumed due to notational convenience. In Equ. 3.1, the
parameter µ is the target distance, λ is the D2D user density, and k is a tuning factor.
The distance r ∈ {rc, rn} follows the density function1 as [164, Theorem 5, Algorithm
3, pp. 17–18]:
f(r) =
2r
R2
, f(θ) =
1
2pi
, (3.2)
where R0 ≤ r ≤ R and 0 ≤ θ ≤ 2pi. The distance between primary cellular user and
D2D pair is d, the pdf of which is given as [165]:
f(d) =
2d
R2
[
2
pi
cos−1
(
d
2R
)
− d
piR
√
1− d
2
4R2
]
, (3.3)
where 0 < d ≤ 2R.
3.2.3 D2D Pairing
All potential D2D users can make pair, however, due to the small probability of occur-
rence, pairing of more than two D2D users with the reference user is ignored in this
work. This assumption is supported by assuming the scenario of Fig. 3.2.
1This density function requires normalization over r ∈ [0,∞) to become probability density func-
tion. In my analysis, the area of interest is the coverage area i.e., a circle of radius R (0 ≤ r ≤ R). For
such an area, the density function is already normalized since
∫ R
0
2r
R2
dr = 1.
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Figure 3.2: Single drop of D2D pairs for λ = 0.000075.
In this figure, D2D pairs are made based on the shortest distance between the nodes and
ties between nodes are broken sequentially. As an example, only dotted circled pairs
are engaged in D2D communication and causes shot noise (SN) interference effect. The
remaining nodes are thinned out since they do not meet the distance criterion. The
red coloured circle allows both user 6 and 47 to make pair with user 43. As mentioned
earlier, in present implementation, the pair is made on the basis of shortest distance
between nodes and tie is broken sequentially.
The tie situation can occur, however, its probability is very low. In the following, I
calculate the probability of such scenario. The conditional probability that first user is
at a distance r1 and the second user is at a distance r2 is [165]:
f(r2|r1) = exp
(
− λpi(r22 − r21)
)
2λpir2dr2,
and corresponding void probability is:
P(0, (pir22 − pir21)) = exp
(
− λpi(r22 − r21)
)
,
Putting r2 = 2r1, the void probability at twice the distance becomes:
P(0, 3pir21) = exp
(− λ3pir21),
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The probability of having nearest user at a distance r1 and the second nearest user at
a distance of r2 is plotted in Fig. 3.3 (r2 = 2r1 = 20 m is shown clearly in this figure).
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Figure 3.3: Void probability for the second nearest user from the reference user.
In this figure, I have selected r1 = 10 m. The void probability or the probability that
second nearest user does not occur at a distance of 10 m is 1. Similarly the probability
that second nearest user does not occur at a distance of 20 m is 0.9767. This shows that
in PPP, there is very small probability (e.g., 0.0233 for r2 = 20 m) that another user will
be available for D2D pairing. Another intuitive reason for this low probability is that
this scenario may bring regularity in point process which violates complete randomness
property of PPP.
3.3 Retention Probability
The number of points that generate SN field at a reference point are implicitly repre-
sented in Laplace functional of MPPP given as [166]:
LΦ(f) = exp
(
−
∫
Rd
[
1− exp (− f(x))]λ dx), (3.4)
where f(x) is the real function defined on Rd and λ is the intensity measure of points
(in this case D2D user density). If I introduce retention probability p(r) (3.1) as the
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probability that certain points meet some target distance µ, then I can incorporate it
in Laplace functional of MPPP (3.4) as:
LΦp(f) = exp
(
−
∫
Rd
[
1− exp (− f(x))]p(r)λ dx), (3.5)
The tuning factor has been determined by simulating the system model of Fig. 3.1.
The retention probability has been plotted for D2D user density λ, target distance µ,
and different values of k. For illustrative purpose, the value of λ = 0.000025 has been
chosen as shown in Fig. 3.4(a). The value of k = 0.8 matches with the simulation runs
for lower values of target distance (e.g., µ ≤ 50 m). For this value of k, the retention
probability for different values of λ has been plotted in Fig. 3.4(b). In this figure,
retention probability depends on two parameters i.e., λ and µ. The higher value of
λ results in larger number of potential D2D pairs within a target distance; however,
shortest distance criterion allows only single pair for D2D communication. This results
in mismatch between analytic expression and simulation curves. For example, the value
of λ = [0.000050, 0.000075, 0.0001] results in higher mismatch as compared to the lower
values ([0.000012, 0.000025]). This mismatch can be removed if point-to-multipoint
D2D links are considered for direct communication. The higher λ also increases the
retention probability which is intuitive as more D2D links can meet the target distance
criterion. The target value µ has similar interpretation. For lower target values, few
D2D interferers lie in target distance. This results in close match between analytic
expression of retention probability and simulation curves. The higher target distance
results in more interferers which is not instructive for realistic scenarios.
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(a) Different tuning factors (k) for λ = 0.000025.
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Figure 3.4: Retention probability in terms of tuning factor k and λ.
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3.4 Average Coverage Probability
In this section, I derive average coverage probability of primary user and reference D2D
pair. I assume interference-limited environment (σ2 = 0) due to dominating intra-cell
cross-tier interference. The base line performance measure is set in the form of upper
and lower limits. The upper limit is the unit coverage probability that shows no D2D
pairing. The operating region lies between upper and lower limits and is derived as
Theorem 1 and Theorem 2. The lower limit is based on lower bound which is derived
as Corollary 1.1 and Corollary 2.1.
3.4.1 Primary User
The signal-to-interference ratio (SIR) of primary cellular user at SBS is given as:
SIRSBS =
pcfcr
−α
c∑
i∈Φ pifir
−α
i
, (3.6)
where pc, and pi are the transmit power of primary cellular user and D2D interferers,
respectively; fc, and fi are respective small-scale fading. The corresponding distance
dependent path-losses are r−αc , and r
−α
i .
Theorem 1. The average coverage probability of a primary cellular user with underlay
D2D communication is
pccov =
∫ R
R0
exp
(
− 2pi
2λ
[
1− exp(−kpiλµ2)] r2c
α sin(2piα )
( γ
pc
) 2
αE[p
2
α
i ]
)
2rc
R2
drc. (3.7)
Proof. See Appendix A.
Assuming same transmit power for all D2D interferers, the average coverage probability
of primary cellular user for path-loss exponent α = 4 and R0 ≈ 0 reduces to
pccov =
exp
(
− pi2R2λ2
√
γpi
pc
[
1− exp(−kpiλµ2)])− 1
−pi2R2λ2
√
γpi
pc
[
1− exp(−kpiλµ2)] . (3.8)
The lower bound on average coverage probability of primary cellular user can be derived
by relaxing the shortest distance criterion and allowing every node to be in D2D pair.
This can be done by considering retention probability p(r) = 1 .
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Corollary 1.1. The lower bound on average coverage probability of primary cellular
user for same power pi and p(r) = 1 is
pccov,lb =
exp
(
−pi2R2λ
2
√
γpi
pc
)
− 1
−pi2R2λ
2
√
γpi
pc
. (3.9)
3.4.2 Reference D2D Pair
In previous subsection, the reference point to derive coverage probability was SBS.
Hence the cellular user did not act as an interferer. In this subsection, I choose random
D2D pair in the coverage area and consider it as a reference point to derive coverage
probability. In this case, cellular user acts as an interferer. The signal-to-interference
ratio (SIR), in this case, is given as:
SIRk =
pdfdr
−α
d
pcfcd−α +
∑
i∈Φ\k pifir
−α
i
, (3.10)
where pd, pc, and pi are the transmit powers of reference D2D transmitter, primary cel-
lular user, and D2D interferers, respectively. The corresponding small-scale fading and
distance dependent path-losses are given as fd, fc, fi, r
−α
d , d
−α, and r−αi , respectively.
The total interference experienced by a single reference D2D receiver is the sum of
interference from primary cellular user and all other D2D transmitters. Using (3.10)
and assuming exponential distribution for desired and interfering channels fx for x ∈
{d, c, i}, the average coverage probability of reference D2D receiver is given by the
following theorem.
Theorem 2. The average coverage probability of an underlay D2D receiver is
pdcov ≈
∫ R
R0
exp
(
− 2pi2λ [1−exp(−kpiλµ2)] r2d
α sin( 2pi
α
)
( γ
pd
) 2
αE[p
2
α
i ]
)
1 + (γ pcpd )
2
α
r2d
( 128R
45pi
)2
2rn
R2
drn. (3.11)
Proof. See Appendix B.
The transmit power of reference D2D pair and all other interfering D2D nodes is as-
sumed to be same (pi = pd). For R0 ≈ 0, and α = 4, the average coverage probability
(3.11) reduces to
pdcov ≈
exp
(
− pi2r2dλ2
√
γ
[
1− exp(−kpiλµ2)])
1 +
√
γ pcpd
r2d
( 128R
45pi
)2
. (3.12)
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The lower bound on average coverage probability of reference D2D receiver can be
derived by assuming same transmit power for every D2D pair, and retention probability
p(r) = 1 (i.e., allowing every node to be in D2D pair).
Corollary 2.1. The lower bound on average coverage probability of reference D2D pair
for same power pi and p(r) = 1 is
pdcov,lb ≈
exp
(
− pi2r2dλ2
√
γ
)
1 +
√
γ pcpd
r2d
( 128R
45pi
)2
. (3.13)
3.5 Numerical Results
In this section, I numerically evaluate the analytic expressions of Sec. 3.4 by varying
the number of different parameters for a fixed cell of radius R = 500 m and a radius
of protection region R0 = 1 m. The cell-edge effect is simulated by dropping D2D
users around cell boundary. The D2D pairs are chosen on reduced path-loss (shortest
distance) criterion which is captured analytically by thinning the MPPP using retention
probability (3.1). The power ratio of primary cellular user and D2D transmitter is
assumed to be 500 with pc = 100 mW and pi = 0.2 mW. The simulation parameters
are shown in Table 3.1.
Table 3.1: Simulation Parameters for SPPP Modelling
Parameters Values
R 500 [m]
R0 1 [m]
pc 100 [mW]
pi 0.2 [mW]
pd 0.2 [mW]
λ 0.000075
µ 50 [m]
α 4
In order to calculate the average effect of coverage probability, 3000 monte-carlo simula-
tions are run. For an average coverage probability of primary cellular user and reference
D2D receiver, a single drop of D2D pairs for λ = 0.000075 is shown in Fig. 3.5. In this
figure, solid square represents a primary cellular user, dotted small circles represent
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(a) Scenario for theorem 1 (b) Scenario for theorem 2
Figure 3.5: Single drop of D2D pairs for evaluation of theorem 1 and theorem 2 (λ =
0.000075, rd < 50 m, and µ = 50 m).
successful D2D pairs that produce SN effect and solid small circle represents reference
D2D pair where the average coverage probability of D2D receiver is evaluated.
The average coverage probability of primary cellular user in (3.8) depends on D2D user
density λ, D2D transmit power pi and the transmit power of primary cellular user pc.
The average coverage probability of reference D2D receiver in (3.12) depends on same
parameters with pi replaced with pd. In addition, it depends on D2D pairing distance
rd. For a maximum target distance of µ = 50 m, many nodes meet distance criterion,
however, the pair that meets shortest distance criterion (rd  µ) is chosen for D2D
communication. For such a scenario, it is reasonable to assume same transmit power for
every D2D pair in the coverage area. To analyse the gain due to introducing retention
probability, the average coverage probability of primary cellular user and reference D2D
receiver has been shown in Fig. 3.6.
For the scenario of Fig. 3.5(a), the average coverage probability of a primary cellular
user is shown in Fig. 3.6(a). For example, for λ = 0.00005, target SIR of γ = -5
dB results in average coverage gain of around 27.7% whereas γ = 20 dB results in
coverage gain of around 19.8%. For higher values of λ and lower γ, the coverage drop
is insignificant unlike higher values of γ which scales the effect of interference more
significantly. For example, λ = 0.000075 and γ = 20 dB results in coverage gain of only
8.7%. In Fig. 3.6(b), the average coverage probability of a reference D2D receiver is
shown for the scenario of Fig. 3.5(b). The distance between reference D2D transmitter
and receiver has been assumed to be 30 m. It can be seen that the coverage trend
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(a) Primary cellular user (Theorem 1)
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Figure 3.6: Average coverage probability for pi = pd = 0.2 mW, pc =100 mW, R0 = 1
m, rd ≤ 50 m, and µ = 50 m.
for different values of λ are very similar. Although the coverage probability of D2D
receiver has been evaluated for a range of γ, however it is intuitive and instructive to
use very small target distance µ to perform D2D pairing (shortest distance requires
less transmit power and long battery time). Therefore, lower values of γ are required
between D2D nodes and hence higher coverage probability is ensured. For example, the
coverage drop for λ = [0.000025, 0.000075] is around 8% which is not very significant
as compared to increase (3 times in this case) in D2D user density. The curves at lower
values of γ show better coverage because of the dependence of coverage probability on
distance between reference transmitter and receiver. In case of reference D2D pair, this
distance is much smaller as compared to the distance between primary cellular user
and serving SBS.
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Figure 3.7: Average coverage probability for variable λ, rd ≤50 m, and µ = 50 m.
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(a) Primary cellular user (Corollary 1)
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Figure 3.8: Lower bound on average coverage probability for R = 500 m, pi = 0.2 mW,
pc = 100 mW, rd < 50 m, and µ = 50 m.
In Fig. 3.7, the average coverage probability for γ = 0 dB and variable D2D density
has been plotted. The coverage drop due to increased number of D2D pairs meets the
intuition i.e., for higher value of λ, more D2D pairs can be made which means higher
SN effect and reduced average coverage probability. Another effect can be seen in case
of thinning where higher values of λ results in divergence from the analytic expression
as mentioned in Sec. 3.3. This effect is in compliance with retention probability curves
of Fig. 3.4. In case of no-thinning, every D2D pair act as an interferer resulting in
close match between analytic expression and simulation setup.
The lower bound on average coverage probability is shown in Fig. 3.8(b). Although
non-realistic scenario has been assumed where every D2D node is in direct communi-
cation with the partner node, however, for an equal D2D transmit power, the lower
bound can be evaluated to analyse the measure of interference generated by every node.
The coverage trend is rather smooth and meets the intuition of coverage drop due to
increased number of D2D pairs. The coverage probability of all curves in Fig. 3.8(a) is
less as compared to corresponding curves of Fig. 3.8(b). This is due to the fact that the
distance between D2D pair is much smaller than the distance between primary cellular
user and SBS i.e., rd  rc.
In Fig. 3.9, the impact of shortest distance for D2D pairing on average coverage
probability of primary cellular user has been plotted. It can be seen that the distance
of 10 m for D2D pairing ensures an approximate unit coverage probability. As the
distance for D2D pairing is increased, number of D2D pairs increases and the impact
of interference on primary cellular user becomes significant.
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Figure 3.9: Impact of D2D pairing distance on coverage probability.
3.6 Conclusions
In this chapter, I have introduced retention probability in Laplace functional of MPPP
as the selection criterion for D2D pairing. This process performs thinning of MPPP
and precisely models the SN effect due to D2D pairs on cellular user and reference D2D
receiver. Based on reduced path-loss and shortest distance between D2D pairs, the
average coverage probability of primary cellular user and reference D2D pair has been
analytically and numerically evaluated. The simulation results verified the closed-form
approximations for different values of λ, and γ. The D2D user density and corre-
sponding number of D2D pairs can be selected by maintaining the average coverage
probability of primary cellular user and reference D2D pair. By relaxing selection
criterion i.e., p(r) = 1, a lower bound on average coverage probability has also been
presented. This lower bound corresponds to the conventional coverage probability of
primary cellular user and reference D2D pair.
In next chapter, I consider positive spatial correlation and inhomogeneous distribution
of MTs to model underlay D2D network. This modelling is more precise and realistic
as compared to constrained SPPP. In this context, I consider generalization of SPPP
i.e., doubly stochastic Poisson process to approximate nearest neighbor distribution
function and coverage probability of primary cellular user.
Chapter 4
Inhomogeniety and Clustering
Analysis
The homogeneous PPP is characterized by complete randomness property. Therefore
negative spatial correlation in BSs, due to strategical deployments, and positive spatial
correlations in MTs, due to homophilic relations, cannot be captured by this process.
In this chapter, I assume doubly Stochastic Poisson process, a generalization of ho-
mogeneous PPP, with intensity measure as another Stochastic process. To this end, I
assume PCP to capture positive spatial correlation in MTs. I consider product den-
sity to derive CFA of spatial summary statistics. I propose EC based novel approach
to approximate intractable random intensity measure and subsequently derive nearest
neighbour distribution function. I further propose the threshold and spatial extent of
excursion set of χ2 random field as interference control parameters to select different
cluster sizes for D2D communication. The spatial extent of clusters is controlled by
nearest neighbour distribution function which is used to analyse the effect of D2D in-
terfering clusters on average coverage probability of primary cellular user. The CFA
and empirical results are in good agreement and its comparison with homogeneous
PPP clearly shows spatial correlation between D2D nodes. The work presented in this
chapter has been published in [24].
4.1 Introduction
The homogeneous PPP is characterized with remarkable property of complete spatial
randomness. This property is useful when underlying points are completely uncorre-
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lated with each other and, subsequently, distributed homogeneously. For example, call
arrival in cellular networks can precisely be modelled by temporal PPP if we ignore
traffic inhomogeneity during day and night times. The spatial version of PPP i.e.,
SPPP is extensively used to model position of BSs and MTs [167, 161, 168]. However,
neither BSs/MTs are uncorrelated nor distributed homogeneously. Moreover, due to
spatial variations in traffic, the intensity measure of the point process cannot be con-
sidered constant. The inhomogeneity and spatial correlation is usually governed by
several dominant factors such as strategical deployments of BSs, homophilic relations
between MTs, emergence of mobile social networks, and existence of hot-spots. As a
result, homogeneous PPP is too conservative to model temporal/spatial topologies of
network entities.
4.1.1 Motivation
In present and future heterogeneous networks, mobile social networks are evolving
rapidly. According to Statista portal, the social network users are expected to increase
from 1.91 billion in 2014 to 2.67 billion in 2018 [169]. For such cellular networks,
ignoring correlation (temporal, spatial, or both), between nodes of the BS clusters and
MT clusters, for stochastic modelling is questionable. Moreover, intensity measure
ranges from constant values (fixed deployment of BSs) to random values (mobility and
hand-overs of MTs). In real deployments, BSs and MTs follow SPPP, however, neither
BSs/MTs are uncorrelated nor distributed homogeneously. Therefore, in this chapter,
I address two key phenomenons i.e., inhomogeneity and positive correlation in MTs
in the coverage area. As a matter of fact, many applications e.g., proximity services,
caching, content sharing, D2D/M2M depend on this very correlation. For example, in
content sharing applications, two MTs having common interests, can exploit spatial
correlation in the form of physical nearness. In order to highlight the motivation of
this research, I present some of the key questions that need to be addressed by spatial
point process:
1. In uniform distribution, are MTs also distributed homogeneously?
2. Does the existence of homophilic relation disturb the spatial homogeneity?
3. Is user intensity in the coverage area constant or changes randomly due to hand-
overs?
4. From the perspective of any relation, are MTs completely independent?
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5. Can we ignore spatial nearness (e.g., geographical or social) between MTs?
6. Is the probability of occurrence of MT equal at any location in the coverage area?
The spatial distribution of MTs shows not only high inhomogeneity but also spatial
correlation in the form of physical nearness or social bonds. Thus, in spatial modelling,
the widely used homogeneous SPPP cannot precisely model cellular networks since it
cannot capture negative correlation, in case of BSs, and positive correlation, in case
of MTs. Moreover, it cannot address the above questions. By generalizing SPPP to a
process where distribution is inhomogeneous, points have spatial correlation, and user
intensity is random, an accurate spatial modelling of MTs can be realized. The relevant
processes that capture negative and positive spatial correlations are fermion and boson
[170]. These processes can, respectively, be modelled by Determinantal Point Process
(DPP) and PCP [171]. The PCP is a doubly stochastic Poisson process, with random
intensity measure and positive spatial correlation, governed by chi-square random field
(χ2k-RF) with k degrees of freedom (df).
4.1.2 Related Work
The negative correlation between BSs are modelled using DPP and Ginibre point pro-
cess [172, 173, 174]. However, to my best knowledge, the spatial modelling of MTs
is restricted to homogeneous SPPP in the literature. To overcome this shortcoming,
I model inhomogeneous distribution of MTs with spatial correlation that exists due
to any homophilic relation. In this chapter, I extend my SPPP approach of chap-
ter 3 to PCP model with random intensity measure and inhomogeneous distribution
to characterize interference in underlay D2D network. To validate simulated realiza-
tions, I used nth-order product density of PCP to derive Ripley’s K and variance
stabilized L functions. These functions are compared with benchmark SPPP process
to see the deviations. The more upper deviations mean high positive correlation be-
tween points of the process. The K and L functions of various point processes are
available [175, 173], however no analytic expressions for PCP exist in the literature.
The random intensity measure of PCP is approximated by topological inference based
on expected Euler Characteristic [176]. This approximation is used to derive nearest
neighbour distribution function which is introduced into Laplace functional of PCP to
capture interference due to D2D pairs. The threshold of excursion set of χ2k-RF and
physical distance between D2D pairs are introduced as interference control parameters
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to analyse and ensure average coverage probability of cellular user. In this chapter, I
contribute the following:-
1. Using nth-order product density of PCP, I derived K and L functions for expo-
nential covariance function.
2. I proposed expected EC based novel approach to approximate random intensity
measure of PCP which is governed by χ2k-RF with k df.
3. Inspired by statistical parameter mapping (SPM) and random field theory (RFT)
approaches towards functional analysis of brain imaging [177]1, I adopted RFT
approach to derive CFA for intractable nearest neighbour distribution function
G.
4. I introduced G function into Laplace functional of PCP to capture interference
and subsequently derive CFA for average coverage probability of primary cellular
user in D2D underlay network.
5. I proposed threshold u of excursion set of χ2k-RF and spatial extent r (physical
distance between D2D pairs) as interference control parameters to characterize
intra-cell interference and analyse coverage probability of cellular user in underlay
D2D network.
4.1.3 Mathematical Preliminaries
Permanental Cox Process
We define spatial point process Φ in terms of nth-order product density %(n). The Φ
is a random subset X of underlying locally compact topological/parameter space S,
a subspace of stratified manifold M ⊂ Rk. The Φ is said to be PCP if X is Poisson
1In standard functional analysis of brain and neuro-imaging, two approaches are followed to iden-
tify activation regions against the null hypothesis (e.g., z-test, χ2-test, t-test, F-test), (i) Bonferroni
correction, (ii) Random Field Theory. The functional analysis of brain comprises large number of vox-
els i.e., large number of statistic values. In case, the statistic values are completely independent, the
former approach is best to identify activation regions. However, in multiple comparison problem, spa-
tial correlation always exist and hence later approach provides less conservative analysis and accurate
identification of activation regions.
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process with random intensity measure defined as [178]:
Λ(B)
a.s.
=
∫
B
λ(s)ds,
=
∫
B
[
Y 21 (s) + · · ·+ Y 2k (s)
]
ds,
=
∫
B
χ2kds, (4.1)
where B ⊆ S is a Borel set, λ(s) is random intensity function and Y(·)(s) are k inde-
pendent Gaussian Random Fields (GRFs).
Random Field (RF)
An RF f = f(t) on M can be defined as a function whose values are random variables
(RVs) for any t ∈M [179]. This function is fully characterized by its finite dimensional
distribution (fidi) i.e.,
Ft1,...tk(x1, ..., xk) =p
(
f(t1) ≤ x1, ..., f(tk) ≤ xk
)
. (4.2)
In case, (4.2) is multivariate Gaussian, f is known as GRF. In real world, not all RFs
are Gaussian. Non-Gaussian fields form very broader class and are not well defined.
Here, I consider RFs of the form h(t) = H
(
fm(t)
)
= H
(
f1(t), ..., fk(t)
)
where H(·)
is any functional transformation. Such types of GRFs are classed as non-Gaussian or
Gaussian related RFs [176, 180] 1. Assuming f1(t), ..., fk(t) as independent, identically
distributed, homogeneous, real-valued GRFs with zero mean and unit variance, the
transformation H(·) as square function defines a well known class of non-Gaussian RFs
i.e., χ2k-RF as [180]:
h(t) =
k∑
m=1
f2m(t). (4.3)
The marginal distribution of (4.3) for each t ∈M is χ2 with k degrees of freedom.
1For independent, identically distributed, homogeneous, real-valued GRFs, i.e.,
X1(t), ..., Xn(t), Y1(t), ..., Ym(t), some of the famous non-Gaussian or Gaussian related RFs can
be defined as:
• χ2n-field =
∑n
i=1 X
2
i (t), H is a square function.
• F -field =
{∑n
i=1 X
2
i (t)/n
}/{∑m
i=1 Y
2
i (t)/m
}
, H is a scaled ratio of GRFs.
• t-field = X(t)
/{∑m
i=1 Y
2
i (t)/m
} 1
2
, H is a normalization function of GRFs.
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Excursion Set
The excursion set, Au above level u ∈ R, of k-dimensional RF on M is given as
[181, 182]:
Au(f,M) , [t ∈M : f(t) ≥ u] ≡ f−1([u,+∞)).
The excursion set of a real-valued non-Gaussian RF can be defined by applying function
composition h = (H ◦ f) on M . This set is equivalent to the excursion set of vector-
valued Gaussian f in H−1[u,+∞), which, under appropriate assumptions on H, is a
manifold with piece-wise smooth boundary given by [176]:
Au
(
h,M
)
=Au
(
(H ◦ f),M),
={t ∈M : (H ◦ f)(t) ≥ u},
={t ∈M : f(t) ∈ H−1[u,+∞)},
=M ∩ f−1(H−1[u,+∞)). (4.4)
Since, H−1[u,+∞) is a specific stratified manifold in Rk, it can be generalized to
D ⊂ Rk in (4.4)
Au(h,M) =M ∩ f−1(D). (4.5)
Lipschitz-Killing Curvature Measures
The Euler Characteristic X is a fundamental additive functional that counts topological
components ofM . In order to consider boundaries, curvatures, surface area, and volume
of M , the position and rotation-invariant generalized functionals are considered which
are known as Lipschitz-killing curvature measures. They are also known as geometric
identifiers that capture intrinsic volume of M . For example, in case of M ⊂ R2,
L0 ≡ X, L1, L2 gives EC, boundary length, and area of manifold M . The Lipschitz-
killing curvature measures Lj , on B
N
R , N -dimensional ball of radius R, is given as [176,
Section 6.3]:
Lj(B
N
R ) =
(
N
j
)
Rj
wN
wN−j
, (4.6)
where j has dimension M (i.e., j = |M |) and ωn is the volume of the unit ball in Rn.
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Figure 4.1: System model for PCP deployed MTs.
4.2 System Model
4.2.1 Cellular Network Model
The cellular network and all assumptions are similar to the model presented in Sec. 3.2.
The only difference is the presence of inhomogeneity and clustering effect in MTs. This
inhomogeneity and clustering is dictated by random intensity measure which is governed
by another Stochastic process. In order to realize inhomogeneity and clustering effects
in MTs, potential D2D nodes are distributed according to PCP as shown in Fig. 4.1.
In this figure, we can see n clusters that appear due to any homophilic relation e.g.,
friend, family, colleague, co-author, physical contacts, financial exchanges, commodity
trades, group participation [8] etc. In each cluster, pair of nodes can exchange common
information via network controlled D2D communication. For the two cases of coverage
analysis presented in Sec. 3.2, I only consider the first case i.e., the average coverage
probability of primary cellular user at SBS.
4.2.2 PCP Model
Definition 1. The nth-order product density %(n) of a Cox process is [183]:
%(n)(s1, ..., sn) = E
n∏
i=1
Λ(si), (4.7)
where Λ(·) is a random intensity measure. In order to model spatially correlated process
for potential D2D nodes, I consider PCP with the following intensity measure:
Λ(si) = Y
2
1 (si) + · · ·+ Y 2k (si), (4.8)
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(a) Intensity function of PCP resembles bell-like
blobs of GRF.
(b) Sampled realization of PCP shows high and
low intensity regions.
Figure 4.2: Random intensity function of PCP and sampled histogram.
where Y(·)(·) are zero mean unit variance k independent real-valued stationary GRFs
and Y 2(·)(·) = χ2(·) with unit df.
The sum of independent chi-square distributions has remarkable property given by the
following theorem [184]:
Theorem 3. The sum of k independent chi-square distributions with vi df follows a
chi-square distribution with
∑k
i=1 vi df i.e.,
Z =χ2v1(si) + ...+ χ
2
vk
(si),
=χ2v1+...+vk(si). (4.9)
Each squared GRF in (4.8) has unit df (vi = 1); this results in Y
2
(·)(si) = χ
2
k(si).
Therefore, the intensity measure of PCP is governed by χ2k-RF with k df as:
Λ(si) =χ
2
k(si). (4.10)
Since the distribution of potential D2D nodes is translation and motion invariant, I can
assume stationary PCP and hence borrow the definition from [178]:
Definition 2. A Permanental Cox Process is stationary if and only if the underlying
GRF is stationary.
The stationarity of GRF is ensured by underlying covariance function. In order to
generate smooth GRFs, I consider squared exponential covariance function [185]
C(s1, s2) = exp
(
− ||s||
2
2l2
)
, (4.11)
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where ||s|| = ||s1−s2|| =
√
(s1x − s2x)2 + (s1y − s2y)2 is the Euclidean distance between
s1 and s2, and l is the characteristic length-scale. The resulting covariance matrix of
PCP is represented by [C](s1, ..., sn).
Definition 3. The nth-order product density of Cox process is equal to the weighted
permanent1 perα of the covariance matrix i.e.,
%(n)(s1, ..., sn) = perα[C](s1, ..., sn). (4.12)
For the proof of the fact that Definition 1 (Equ. 4.7) and Definition 3 (Equ. 4.12) are
equivalent, the interested reader is referred to [183, Sec. 2.1.1, pp. 876, Theorem 1,
Lemma 1].
Equation (4.12) is a useful representation to derive summary statistics of PCP in the
following section. The value of α characterizes the underlying point process. For
example, PCP, that captures positive correlation, is effectively a boson (or photon)
process with α = 1 [188] resulting in k = 2 df for underlying GRFs.
4.3 PCP Generation and Validation
The random intensity measure of PCP is governed by χ2k-RF which is non-Gaussian
or Gaussian related RF. This field is generated by squaring the component field which
is GRF (as discussed in Section 4.2.2). The GRF is a collection of RVs with fidi as
multivariate Gaussian. Therefore, it can be generated by drawing real valued multi-
variate normal random vectors and mapping it to the underlying grid. It can also be
generated via circulant embedding method [189]. I followed the former approach to
generate RFs and subsequently PCP. The χ2k-RF of PCP comprises large number of χ
2
RVs which are mapped to each grid point s ∈ S. Due to smooth underlying covariance
structure, each RV results into smooth sample path. The blobs and holes show spatial
covariance between χ2 RVs. The overall shape of intensity measure of PCP is similar
to symmetric bell-like blobs of GRF, however, the loss of symmetry in this case is due
to low df of χ2k-RF. For large df, due to central limit theorem, the intensity measure of
PCP resembles symmetric bell-like blobs of GRF.
1The special cases of immanant of a matrix are determinant and permanent. The two functions
are similar by definition. The only difference is that while calculating permanent of a matrix, the
signatures (sign) of the permutations are not considered. This results in #P-complete problem due
to theorem of Valiant [186]. However, the weighted permanent is not known to be #P-complete and
approximations using Markov chain Monte Carlo algorithms exist in literature [187].
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The lattice representation of χ2k-RF with 2 df is shown in Fig. 4.2(a). In this figure,
we can see number of blobs and holes which, respectively, show high and low intensity
areas. The high intensity areas (7 → 10 on colorbar) capture strong spatial correlation
between points and results in group clustering whereas low intensity areas (1 → 3 on
colour-bar) form holes due to non-existence of any homophilic relation. The Markov
chain Monte Carlo based Metropolis-Hasting (MH) sampler1 is used to sample PCP
points under χ2k-RF as shown in Fig. 4.2(b) which shows inhomogeneous and clustered
distribution of points.
4.3.1 Summary Statistics: K and L Functions
The Ripley’s K function and variance stabilized L functions are, respectively, given as
[191]:
K(r) =
∫ r
0
g(s)2pisds, (4.13)
L(r) =
√
K(r)
pi
, (4.14)
where r is the distance and g(s) is the pair correlation function.
Using (4.12), the first and second order product densities can be derived as [192]:
% = αC(0), %(2)(s) = α
[
1 + C2(s)
]
. (4.15)
Since g(s) = %(2)(s)/%2, the pair correlation function of PCP for α = 1 is given by:
g(s) =1 + C2(s). (4.16)
The corresponding K and L functions can be derived as:
K(r) =pir2 + pil2(1− exp(−(r
l
)2)),
L(r) =
√
r2 + l2(1− exp(−(r
l
)2)).
The SPPP is a special case of PCP with g(s) = 1, K(r) = pir2, and L(r) = r. If I
assume complete spatial independence, the covariance between s1 and s2 vanishes and
1The MH sampler is used to sample RVs from multidimensional spaces. The states of the underlying
Markov chain can be updated in two different ways, (i) Block-wise, (ii) Component-wise. The first ap-
proach updates all state variables simultaneously whereas the second approach iterates with component-
wise update. In both the cases, the acceptance probability is α = min
(
1, p(θ
∗)
p(θ(t−1))
q(θ(t−1)|θ∗)
q(θ∗|θ(t−1))
)
, where
p(θ) and q(θ) stand for proposal and target distributions, respectively [190].
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Figure 4.3: CFA and empirical approximations for K and L functions of SPPP and
PCP.
product densities from (4.15) reduces to:
% = α, %(2)(s) = α
[
1 + 0
]
.
The corresponding pair correlation function (for k = 2 i.e., α = 1) is 1. The K and L
functions for SPPP can be validated as K(r) = pir2 and L(r) = r, respectively. The
estimated Kˆ function for SPPP and PCP is, respectively, given as [193]:
KˆSPPP (r) =
1
λn
n∑
i=1
n∑
j=1,i 6=j
1{si,sj ,r},
KˆPCP (r) =
1
n
n∑
i=1
n∑
j=1,i 6=j
1{si,sj ,r}
λ(si)λ(sj)
,
where λ is the constant intensity function of SPPP, λ(·) is the random intensity function
of PCP and 1{·} is the indicator function which is 1 if the distance between points si
and sj is at most r and 0 otherwise. The analytic expression of K and L functions
and empirical estimates are shown in Fig. 4.3(a) and Fig. 4.3(b), respectively. As
an illustration, the plot is shown for the value of l = 50. This parameter captures
the length-scale of the underlying sample path. In modelling problem, it can be used
to incorporate the level of covariance in points of the process. It can be seen that
the estimates of K and L functions matches CFA. In these figures, SPPP serves as a
benchmark with zero spatial correlation between points. The positive spatial correlation
of PCP can be verified by upper drift of K and L functions. In case of negative spatial
correlation, the K and L functions shall lie below SPPP curves as can be seen in
[172, 173, 174].
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4.4 Nearest Neighbour Distribution Function
In this section, I approximate G function using topological inference based on expected
EC and Poisson clumping heuristic1 [195]. To this end, I first approximate Λ(·) of
PCP as ψ0 using EC approach. This is followed by considering ψ0 in Poisson clumping
heuristic to approximate G function. The numerical validation and comparison with
SPPP is also presented in this section.
Definition 4. The nearest neighbour distribution function of a point process is given
as:
G(r) =1− E
[
exp
(
− Λ(BNr )
)]
,
=1− E
[
exp
(
−
∫
BNr
λ(s)ds
)]
, (4.17)
where Λ and λ are, respectively, intensity measure and function of point process over
BNr which is an N dimensional closed ball of radius r at arbitrary position.
In case of SPPP, λ is constant and hence (4.17) can be simplified as:
G(r) =1− exp (− λpir2). (4.18)
Considering Λ from (4.10), the nearest neighbour distribution function of PCP is given
as:
G(r) =1− E
[
exp
(
−
∫
BNr
χ2k ds
)]
,
=1− E
[
exp
(
−
∫
BNr
∫
v1
· · ·
∫
vn
χ2dv1 · · · dvn ds
)]
. (4.19)
Since χ2k-RF is a collection of large number of RVs, this results in evaluation of nested
integrals over BNr which is mathematically intractable. In this case, I approximate
intensity measure Λ using expected EC of excursion set of χ2k-RF [176].
Approximation of Intensity Measure
The expected intensity measure in (4.19) can be estimated by making topological in-
ference of average number of up-crossings of χ2k-RF above level u of excursion set. This
approach is based on Gaussian Kinematic Formulae (GKF) given as [176, Theorem
15.9.4]:
1At high thresholds, the clusters in the excursion set can be regarded as multidimensional point
process with no memory and hence they behave as Poisson clumps [194].
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Theorem 4. Let M be an N -dimensional, regular stratified manifold, D a regular
stratified subset of Rk. Let f = (f1, ..., fk) : M → Rk be a vector-valued Gaussian field,
with independent, identically distributed components and f being Morse function1 over
M with probability one. Then
E
[
Li(M ∩ f−1(D))
]
=
N−i∑
j=0
[
i+ j
j
]
Li+j(M)Mj(D)
(2pi)
j
2
, (4.20)
where Li+j for i = 0, ..., N, j = 0, ..., N − i, are Lipschitz-Killing curvature measures
on M with respect to the metric induced by f and Mj are the generalized (Gaussian)
Minkowski functionals on Rk.
For notational convenience, I assume the combinatorial flag coefficients
[
i+ j
j
]
=
[
a
b
]
given as: [
a
b
]
=
[a]!
[b]![a− b]! , [a]! = a!ωa, ωa =
pi
a
2
Γ(a2 + 1)
.
Using Theorem 4 and putting M ∩ f−1(D) from (4.5), the expected intensity measure
can be approximated as follows:
ψ0 ≈E
[
χ2k(B
N
r )
]
,
=E
[
L0
(
Au(χ
2
k, B
N
r )
)]
,
=
N∑
j=0
Lj(B
N
r )Mj(D)
(2pi)
j
2
. (4.21)
The Minkowski functionals Mj(D) can be transformed into EC density for χ
2
k-RF as
[176]:
ψ0 =
N∑
j=0
ρj(u)Lj(B
N
r ), (4.22)
where
ρj(u) =
u
k−j
2 exp(−u2 )
(2pi)
j
2 Γ(k2 )2
k−2
2
b j−1
2
c∑
l=0
j−1−2l∑
m=0
1{k≥j−m−2l}
(
k − 1
j − 1−m− 2l
)
× (−1)
j−1+m+l(j − 1)!
m!l!2l
um+l.
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Figure 4.4: EC density and average number of components of χ2k-RF.
The EC density over R2 and average up-crossings of χ2k-RF are shown in Fig. 4.4.
In Fig. 4.4(a), ρ(·) depicts the density of unit component of χ2k-RF over topology of
manifold M that survives the threshold u. The value of j defines the dimension of
manifold M as discussed in Sec. 4.1.3. In case of j = 0, the topology is transformed
from N dimensional manifold to zero dimension which is effectively a point. For the
value of j = 1 and j = 2, EC density provides the density of unit component of the field
over boundary length and area, respectively. In Fig. 4.4(b), the behaviour of χ2k-RF
for different u is plotted with respect to different Li measures. Here, I consider L0 (i.e.,
EC) to approximate intensity measure of PCP.
Poisson Clumping Heuristic
To approximate nearest neighbour distribution function, I consider probability of get-
ting one, or more, clusters (D2D pairs) with spatial extent r, or more, above threshold
u. The general expression for this cluster level inference is given as [177, 197]:
G(r) ≈ 1− exp
(
− ψ0 p(v ≥ r)
)
. (4.23)
1For the definition of Morse function and Morse’s Theorem, refer [196, Theorem 4.4.1, pp. 87] and
[190, Section 9.3, Definition 9.3.1, pp. 206].
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Figure 4.5: Expected volume of each cluster and corresponding probability.
The volume v of clusters (D2D pairs) over spatial extent r is distributed according to
[198]:
p(v ≥ r) ≈ exp
((− βr 2N )), (4.24)
where
β =
(
Γ(N2 + 1)
η
) 2
N
,
and η = ρ0
vLN/ψ0 is the expected volume of each cluster.
The plots of η and p(v ≥ r) are shown in Fig. 4.5. In this figure, it can be seen that
the maximum expected volume and the probability to have nodes with spatial extent
(≥)r occurs for v = 1. In deriving CFA of G function, I, consider η for v = 1.
Using (4.6), the Lipschitz-Killing curvature measures Lj over ball of spatial extent r
can be derived as:
L0 = 1, (4.25a)
L1 = 2
√
pir
Γ(12 + 1)
Γ(2)
, (4.25b)
L2 = pir
2 Γ(1)
Γ(2)
. (4.25c)
Considering (4.25), (4.22), and (4.24) in (4.23) for, at most, distance r, the G function
can be approximated. The plot of G function can be seen in Fig. 4.6 where PCP points,
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due to positive spatial correlation, have higher probability of D2D pairs as compared
to SPPP points. For example, at a distance of 2.5 m, the probability of two spatially
correlated potential candidates for D2D communication is 0.8 as compared to 0.42 in
SPPP points which occur so close by chance (i.e., not due to spatial correlation under
some homophilic relation). This is because SPPP cannot model spatial correlation
between points and is characterized by complete spatial randomness.
4.5 Average Coverage Probability
In this section, I introduce G function as retention probability of D2D nodes at spatial
extent r to analyse the interference and resulting average coverage probability of pri-
mary cellular user. I assume SIR as given in Equ. 3.6. For the system model shown
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Figure 4.6: Nearest neighbour distribution function of PCP shows high probability for
lower values of r as compared to homogeneous SPPP process.
in Fig. 4.1, the average coverage probability of primary cellular user is given by the
following theorem.
Theorem 5. The average coverage probability of a primary cellular user with underlay
D2D communication is
pccov ≈
∫ R
R0
exp
(
− 2pi
2ψ0p(r) r
2
c
α sin(2piα )
( γ
pc
) 2
αE[p
2
α
i ]
)
2rc
R2
drc. (4.26)
Proof. See Appendix C.
For same transmit power of all D2D interferers, the average coverage probability of
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primary cellular user for path-loss exponent α = 4 and R0 ≈ 0 reduces to:
pccov ≈
exp
(
− pi2R2ψ0p(rd)2
√
γpi
pc
)
− 1
−pi2R2ψ0p(rd)2
√
γpi
pc
. (4.27)
(a) Intensity function of PCP on 200×200 m2
grid for threshold values u = (1, 2, 4, 8).
(b) 10×10 m2 extract of Fig. 4.7(a) clearly
shows surviving and departing blobs at same
values of u.
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Figure 4.7: Interference characterization in terms of intensity measure of PCP at dif-
ferent values of u (Fig. 4.7(a), 4.7(b)) and average coverage probability of primary
cellular user (Fig. 4.7(c)) for pi = 0 dBm, pc = 20 dBm, and R = 100 m.
4.6 Numerical Results And Discussion
In this section, I numerically evaluate the analytic expressions of Sec. 4.5 by varying the
number of different parameters. The average coverage probability of primary cellular
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user in (4.27) depends on R, ψ0 (and an important implicit parameter u), spatial
extent r, D2D transmit power pi, transmit power of primary cellular user pc, and target
threshold γ. The first and foremost step is to identify implicit parameter u which is
introduced as interference control parameter for D2D pairing. This parameter is a
function of grid size and more specifically SBS radius R. By finding the feasible range
of u for a given radius R, I have varied other parameters to analyse average coverage
probability of primary cellular user. For different spatial extents r, the cumulative
interference effect is captured. Since the distance between D2D pairs is much smaller
as compared to distance between D2D pair and SBS, it is reasonable to assume same
transmit power for every D2D pair in the coverage area. To analyse the interference
due to D2D clusters, I introduce nearest neighbour distribution function into Laplace
functional of PCP. The simulation parameters are shown in Table 4.1.
Table 4.1: Simulation Parameters for PCP Modelling
Parameters Values
R 100 [m]
r [16, 8, 4, 2] [m]
pc 100 [mW]
pi 1 [mW]
k 2
u 31
α 4
In Fig. 4.7, I have shown intensity function at different thresholds and corresponding
average coverage probability of primary cellular user for grid size 200×200 (SBS of
radius R = 100 m). For clear illustration, the small portion of this grid has been shown
in Fig. 4.7(b). In this grid, if I set u = 1 (transparent black plane), all nodes (despite
low spatial correlation) are considered to make D2D pairs1 based on the spatial distance
r. This results in maximum intra-cell cross-tier interference and causes blockage for
the primary cellular user. If I increase u (red, green, and blue transparent planes), only
those potential D2D pairs survive that lie under high intensity blobs of χ2k-RF. In this
case, the coverage probability of primary cellular user can be ensured while reusing the
resources for D2D pairs. The coverage probability curves for different u and γ can be
seen in Fig. 4.7(c). The high threshold, for example, u = 35 in this figure shows no
1The maximum number of up-crossings of χ2k-RF occurs at around u = k as can be verified in Euler
density (Fig. 4.4(a)) and expected EC (Fig. 4.4(b)) plots.
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Figure 4.8: Interference control parameter u for different grid sizes (SBS radius R) for
pi = 0 dBm, pc = 20 dBm.
D2D pair and ensure the unit coverage probability of primary cellular user.
The interference control parameter u for different grid sizes has been plotted in Fig.
4.8. In this figure, it can be seen that the interference, due to D2D communication
on coverage probability of primary cellular user, is captured by u. As an example, for
10×10 grid size (SBS of radius R = 5 m), the pccov rises from 2% to 98% for u = 5 to
16 as compared to 1000×1000 grid size (R = 500 m) where the blockage extends on
the floor up to the value of u = 37 and shows 98% rise in pccov at u = 45. In Fig.
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Figure 4.9: Clusters of D2D nodes and coverage probability of primary cellular user for
u = 31, pi = 0 dBm, pc = 20 dBm and R = 100 m.
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4.9, I have shown the effect of interference due to different cluster sizes on coverage
probability of primary cellular user. The cluster sizes show different number of D2D
nodes that survive the threshold u. For example, at u = 31 (pccov = 0.62 from Fig. 4.8),
four cluster sizes of r = (16, 8, 4, 2)m are shown that consider D2D communication by
reusing the frequency of primary cellular user. The maximum cluster size considers all
nodes which are less than or equal to 16 m for D2D communication and hence causes
maximum interference. Contrary to this, the minimum cluster size considers nodes
with 2m or less distance for D2D communication and hence results in less interference.
The effect of power control on D2D pairs can be seen in Fig. 4.10. In this figure,
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Figure 4.10: Power control on D2D pairs and effect on coverage probability of primary
cellular user for u = 31, pc = 20 dBm and R = 100 m.
it can be seen that the coverage probability of primary cellular user can be ensured
by controlling the transmit power of successful D2D pairs. The coverage drop at two
values of γ (0 and 20 dB) is approximately equal, however, two curves with smaller pi
([-20 -10] dBm) converges rapidly at lower values of γ as compared to curves with high
pi ([0 10] dBm). This trend is reversed at high values of γ.
The effect of power control on primary cellular user and coverage probability curves
are shown in Fig. 4.11. It can be seen that the curves for different pc converge to
low coverage probability for high γ. The coverage probability can be increased by
either reducing transmit power of D2D pairs or reducing the number of D2D pairs by
increasing threshold u. The threshold u and spatial extent r (small r requires lower pi)
are key control parameters to ensure the extent of frequency reuse (D2D pairs) while
ensuring coverage probability of primary cellular user.
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Figure 4.11: Power control on primary cellular user and coverage probability for u =
31, pi = 0 dBm and R = 100 m.
4.7 Conclusion
In this chapter, I have modelled inhomogeneous and spatially correlated distribution
of MTs using PCP. I considered this process to characterize intra-cell cross-tier in-
terference in D2D underlay network. I have further approximated intractable nearest
neighbour distribution function by adopting expected Euler Characteristic and Poisson
clumping heuristic. The key findings of this research are enumerated as:
1. Simple SPPP process with constant intensity measure cannot capture prevail-
ing inhomogeneity and spatial correlation in dense cellular networks. Therefore,
point processes with attraction/repulsion property (e.g., Cox process/DPP) are
potential candidates for precise spatial modelling of MTs/BSs.
2. Euler Characteristic and RFT framework can be used to analyse and identify
high intensity areas/hotspots for D2D communication.
3. Provided SPMs of coverage area are available, statistical inference can be per-
formed to identify clusters of MTs with high spatial correlation (potential areas
for D2D communication).
4. The intensity measure of PCP is governed by χ2k-RF. In this case the threshold u of
the excursion set plays a key role to control cluster size, for D2D communication,
level of interference, due to frequency reuse, and coverage probability of primary
cellular user.
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The homophilic relations are diverse in nature and hence cannot be captured by
one mathematical expression. Therefore, in next chapter, I consider one type
of homophilic relation i.e., common content requests by underlay D2D users.
Coupled with path-loss based physical distance, I consider joint spatial and social
relations based D2D pairing. For social relation, the multivariate Zipf distribution
is used. The underlay D2D network is modelled as proximity based independently
marked PPP.
Chapter 5
Spatial and Social-aware
Interference Analysis
This chapter proposes joint spatial and social-aware interference modelling in under-
lay D2D network. The spatial layer considers reduced path-loss whereas social layer
exploits common up-link requests by MTs. The work presented in this chapter has
resulted in the following publication [25].
5.1 Introduction
To meet capacity demands of cellular networks, the blanket approach calls for cost-
effective solution of large number of small cell deployments [199, 200]. However, this
approach incurs CAPEX/OPEX. To eliminate these costs, D2D communication, as
an underlay network, can be considered as one promising solution [201, 202, 203].
Since mobile terminals are battery operated, and hence constrained by limited power,
the underlay D2D communication is intuitively best suitable for proximity services
such as content sharing, social networking etc. Such type of proximity based D2D
communication has been standardized in 3GPP LTE Rel-12 [9, 10, 11].
The D2D underlay network offers increased area spectral efficiency, higher capacity, bet-
ter coverage, very low end-to-end latency, however, this coexistence poses challenging
interference management due to existence of intra-cell cross-tier interference. To anal-
yse such interference, Stochastic geometry is a valuable tool. The proximity based D2D
communication can be modelled by homogeneous PPP. However, considering only spa-
tial distribution results in underestimated system insights. For more accurate analysis,
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I associate social relationship with spatial distribution. In this context, the under-
lay type of D2D communication can be considered from two perspectives, 1). spatial
proximity, and 2). social relationship. The first considers channel effects (e.g., phys-
ical distance, channel conditions, path-loss etc.) whereas second considers any type
of homophilic relationship such as social ties (friend, family, colleague, co-author etc.)
or inter-dependency bonds (physical contacts, financial exchanges, commodity trades,
group participation etc.) [8]. The diverse nature of homophilic relations turns the
modelling problem intractable. Therefore, I consider one type of homophilic relation
between D2D nodes i.e., common content requests of popular files.
The Stochastic geometry is widely used to analyse cellular networks. Specifically, ho-
mogeneous PPP and its variant MPPP are used to model spatial distribution of macro
cells, small cells, and cellular users [167, 204]. In [167], the interference locations in
down-link channel of multi-cell heterogeneous network are modelled as MPPP where
the marks correspond to the channel (small-scale and large-scale fading) between the
interferers and target receiver. Similar to this, in [204], the propagation-loss model of
down-link channel of BSs, enriched by independent exponential marking, is modelled
as independently marked PPP (IMPPP) process.
In case of D2D network, these tools are used in [157, 158, 159, 160] to derive the
analytic expression for transmission capacity and outage probability. In [205], the
authors assume homogeneous PPP (to model spatial distribution) and Zipf distribution
(to model demands/requests of popular contents) and derive probability of successful
content delivery in the presence of D2D interference. However, in these papers, no
notion of social and spatial constraints on interfering D2D nodes are considered to
analyse interference effect on primary cellular user. The results of [160] are based
on MPPP for D2D user density, however, similar to the previous papers, no analytic
representation of some criterion-based D2D pairing has been considered.
In [206], the authors derive coverage probability of D2D receiver to receive portion of
the file. The locations are modelled by homogeneous PPP and independent thinning
of PPP is assumed to associate either of two files to each device. This 2-file distributed
caching system considers fixed caching probability without considering Zipf distribution
of files. This paper is related to my work, however, I do not focus on caching application
and provide coverage probability of primary cellular user to meet certain threshold.
Moreover, I consider N -file Zipf distribution to associate marks to each user location.
In this chapter, I extend my previous work [21, 22] by considering two paradigms
for D2D communication. I consider physical distance based D2D pairing since it has
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major contributions towards channel effects. For the social relation, I consider Zipf
based common popular file requests by D2D nodes.
5.2 System Model
I extend the base model of Fig. 3.1 by imparting marks to each potential D2D user
as shown in Fig. 5.1. I assume that the primary cellular user is uniformly distributed
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Figure 5.1: System Model for Interference Analysis
whereas potential D2D users are distributed according to homogeneous PPP Φ = {xi}
where xi’s are locations of each point on measurable space R2. For realistic interference
analysis, I associate marks mi ∈ N to each point xi. The resulting process is MPPP.
The marks are based on common content requests which follow Zipf distribution. Since,
up-link request of each D2D user is associated with that user only and is independent
of locations of other D2D users, the point process forms IMPPP process Φ˜ = {xi,mi}.
To simplify the analysis, I assume underlay D2D communication without considering
quality of service for successful D2D pair and hence do not take into account the
distance between D2D receiver and primary cellular user1. The power, associated with
channel gain, follows exponential distribution with mean ω.
1The distance between D2D receiver and primary cellular user is random for whole set of underlay
D2D nodes. It has well known distribution [165], however, I intend to provide this type of analysis in
future.
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5.3 Joint Social and Spatial Relations for Coverage Prob-
ability
In this section, the joint social and spatial relations are imparted to perform interfer-
ence analysis due to underlay D2D network. The upper and lower bounds on average
coverage probability of primary user are derived to present system insights.
5.3.1 Social Relation
The Zipf distribution models the popularity of files in the form of ranks. The probability
mass function of Zipf distribution is given as [207]:
zx(m)
(a)
=
1
ms
∞∑
i=1
(1/i)s
=
1
msζ(s)
,
(b)
=
1
ms
N∑
i=1
(1/i)s
=
1
msHN,s
, (5.1)
where (a) involves Riemann zeta function and (b) follows the fact lim
N→∞
HN,s = ζ(s)
[208]. Since, my analysis is based on N popular files, associated with location x, I will
consider (b) throughout this chapter. In Equ. (5.1), m is the rank of the file, s is the
tail index or shape parameter and HN,s is the Nth generalized harmonic number.
The Zipf based marks associated with each D2D user are shown in Fig. 5.2. The shape
parameter s controls the popularity of files. The most popular contents have higher
probability of request by potential D2D users. On contrary, the less popular contents
result in lower probability of D2D pairing and hence less interference. For example, the
chances of rank 1 (m = 1) file with s = 10 are 99.9%. The higher value of s converges
the popularity of files towards lower ranks. The popular contents follow Zipf’s Law and
hence, the interference due to potential D2D users is controlled by power law.
5.3.2 Physical Relation
In order to consider proximity for D2D pairing along with Zipf based associated marks,
I assume reduced path-loss (shortest distance) between potential D2D users. In this
context, I convert IMPPP process Φ˜ to pIMPPP Φ˜p where p : R2 7→ [0, 1] performs
thinning to analytically capture the shortest distance based selection of D2D pairs
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Figure 5.2: Zipf based marks of IMPPP for different values of shape parameter s.
that have higher marks for content sharing applications. I introduce function p as the
probability that all points with distance (≤) rd are considered for D2D pairing. This
function is the retention probability p(r) given in Equ. 3.1.
The locations of potential D2D users constitute measurable space in R2 and associated
marks are mutually independent random vectors in N. By incorporating retention
probability (3.1), the Laplace functional of pIMPPP is given as [166]:
LΦ˜p(f) = exp
{
−
∫
R2
[
1−
N∑
m=1
exp
(
− f(x,m)zx(m)
)]
p(r) λ dx
}
, (5.2)
where f(x,m) is the real function defined on R2 and λ is the intensity measure of points
(in this case D2D user density).
The SIR expression for pIMPPP distributed MTs is given as:
SIRSBS =
pcfcr
α(−1)
c∑
i∈Φ˜
pifir
−α
i m
−1
i
, (5.3)
where subscripts {c, i} are used for primary cellular user and D2D interferers, respec-
tively. The pc and pi are transmit powers; the fc and fi are Rayleigh based small-scale
fading where power gain follows exponential distribution with mean ω; the distance de-
pendent path-losses are r−αc , and r
−α
i . I assume distance-proportional fractional power
control r
α(·)
(·)
(
(·) ∈ [0, 1]
)
for all users. However, it does not make sense to invert path-
loss of the interfering channel by power control. Therefore, I assume power control
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for primary cellular user and no power control for potential D2D interferers. To allow
underlay D2D communication, the SBS should switch-off power control that converts
r
α(i−1)
i = r
−α
i to ensure better coverage of the primary cellular user with power control
r
α(−1)
c . The marks mi follows Zipf law to model the up-link request of popular files.
Table 5.1: Closed-form Expressions for Upper and Lower Bounds on g(x, rc).
Shape
Parameter
Constants Function g(x, rc)
s = 1 A =
γp−1c pi
ω gUB(x, rc) =
1
HN
[
Ψ
(
N+1+
Arα(1−)c
xα
)
−Ψ
(
1+
Arα(1−)c
xα
)]
s = 10 B10 =
1
93555 , C10 =
1
362880
gLB(x, rc) =
1(
1+
Ar
α(1−)
c
xα
)
HN,s
[
B10pi
s−C10Ψ(s−1, N+1)
]
Ψ(·) is digamma and Ψ(n, ·) is the nth polygamma function, respectively.
5.3.3 Coverage Probability
Considering Equ. 5.3, the average coverage probability of distance-proportional power
controlled primary cellular user is:
pccov =Erc
[
P[(fc ≥ γIA
pcr
α(−1)
c
)] | rc
]
, (5.4)
where
IA =
∑
i∈Φ˜
pifir
−α
i m
−1
i , (5.5)
is the interference due to D2D users in the coverage area.
Conditioning on g = {fi,mi}, the coverage probability of primary cellular user for a
given transmit power pc is
P[SIRSBS ≥ γ] | rc, g = exp
(
− γp−1c rα(1−)c IA
)
. (5.6)
De-conditioning by g, (5.6) results into:
P[SIRSBS ≥ γ] | rc =Eg
[
exp
(− γp−1c rα(1−)c IA)],
=LIA
(
sc
)
, (5.7)
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where sc = γp
−1
c r
α(1−)
c . Putting the value of IA from (5.5) into (5.7)
LIA
(
sc
)
=EΦ˜
[∏
i∈Φ˜
(
ω
ω + scpir
−α
i m
−1
i
)
︸ ︷︷ ︸
f(x,m)
]
, (5.8)
where (5.8) results from the i.i.d distributions of fi and further independence from the
underlay IMPPP process.
Considering zx(·) from 5.1, the probability generating functional for a function f(x,m)
with retention p(r) from (3.1) implies:
LIA
(
sc
)
= exp
(
−
∫
R2
[
1−
N∑
m=1
f(x,m)zx(m)
]
p(r) λ dx
)
,
= exp
(
− 2piλ p(r)
∫ ∞
R0
[
1−
N∑
m=1
xαωm(1−s)
(xαωm+ scpi)HN,s︸ ︷︷ ︸
g(x,rc)
]
xdx
)
. (5.9)
The function g(x, rc) in (5.9) cannot be solved in closed-form in general, however, I can
find upper and lower bounds for special cases of s ∈ N. These bounds subsequently
allows upper and lower bounds on coverage probability of primary cellular user. For
example, for a given population of file ranks, the lower bound on g(x, rc) is controlled
by minimum value of s ∈ N (i.e., s = 1) which shows minimum D2D pairs and puts
upper bound on coverage probability of primary cellular user. Similarly, upper bound
is controlled by maximum value of s ∈ N which can be as high as ∞. In order to
find practical highest value of s, I consider the value where the probability of most
popular files reaches 1. This allows maximum D2D pairs and puts lower bound on
coverage probability of primary cellular user. The maximum value of shape parameter
is found by increasing it gradually. By increasing shape parameter from s = 1 to s = 2,
the probability of most popular files approximately doubles (from 0.32 to 0.61). From
s = 2 to s = 4, it increases by 1.5 times (from 0.61 to 0.92). Further increase in s,
e.g., s = 10, increases the probability of popular files to 0.999. If I further increase
the value of s, the probability of popular files do not increase significantly. Moreover,
higher values of s incur higher cost of power function in denominator of Equ. 5.1. To
reduce computational complexity, I assume the highest value of s as 10 without any
significant loss in probability of popular files. For minimum and maximum values of
s, the function g(x, rc) in (5.9) converges to closed-form expressions as shown in Table
5.1. The minimum value of shape parameter i.e., s = 1 results in lowest probability of
popular file requests as can be seen in Fig. 5.2. For example, for s = 1, the probability
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of file with rank m = 1 has 32.6% chances of being requested by any potential D2D pair.
This minimum value allows closed-form expression for g(x, rc)
[
Table 5.1, gUB(x, rc)
]
and hence, characterizes upper bound on coverage probability of primary cellular user.
Contrary to this, higher value of s means higher probability of popular content requests
which results into maximum number of D2D pairs and subsequently more interference
on primary cellular user. For example, for s = 10, there are 99.9% chances that the file
with rank = 1 is requested. This case admits closed-form expression for g(x, rc)
[
Table
5.1, gLB(x, rc)
]
and puts lower bound on coverage probability. The resulting average
coverage probability of primary cellular user is given as:
pccov =Erc
[
exp
(
− 2piλ p(r)
∫ ∞
R0
[
1− g(x, rc)
]
xdx
)
|rc
]
,
=
∫ R
R0
exp
(
− 2piλ p(r)
∫ ∞
R0
[
1− g(x, rc)
]
xdx
)
2rc
R2
drc. (5.12)
Using (5.12), the upper and lower bounds on average coverage probability of primary
cellular user takes the following form, respectively:
pc,UBcov =
∫ R
R0
exp
(
− 2piλ p(r)
∫ ∞
R0
[
1− gUB(x, rc)
]
xdx
)
2rc
R2
drc, (5.13)
pc,LBcov =
∫ R
R0
exp
(
− 2piλ p(r)
∫ ∞
R0
[
1− gLB(x, rc)
]
xdx
)
2rc
R2
drc. (5.14)
5.4 Numerical Results and Discussion
In this section, I numerically evaluate the analytic expressions by varying the number
of different parameters for a small cell of radius R = 500 m and a radius of protection
region R0 = 1 m. The distance of primary cellular user rc is uniformly distributed. It
is integrated over the coverage area to capture average coverage probability of primary
cellular user. The spatial proximity (D2D pairing, rd) is random and reduced path-
loss (shortest distance) based D2D pairing is captured by thinning the IMPPP process
using retention probability (3.1). The up-link requests of D2D nodes are modelled by
marks where two extreme values of shape parameter of Zipf distribution are considered.
These values characterize upper and lower bound on coverage probability of primary
cellular user. I assume N = 10 popular files to analyse the interference effect of D2D
pairs on primary cellular user due to their spatial proximity and social relationship.
The solid lines, in all figures, show upper bound (s = 1) and dotted lines show lower
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Table 5.2: Simulation Parameters for pIMPPP Modelling
Parameters Values
R 500 [m]
rd ≤10 [m]
pc 200 [mW]
pi 1 [mW]
 [0 → 1]
N 10
s [1,10]
α 4
bound (s = 10) on coverage probability. The simulation parameters are shown in Table
5.2.
The average coverage probability of primary cellular user in (5.13, 5.14) depends on
user density λ, D2D pair distance rd, SIR threshold of primary cellular user γ, D2D
transmit power pi, transmit power of primary cellular user pc, path-loss exponent α,
and power control factor . The average coverage probability of primary cellular user
for different values of λ and  is plotted in Fig. 5.3.
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Figure 5.3: Average coverage probability and user density λ for pi = 1 mW, pc = 0.2
W, rd ≤ 10 m, and γ = 15 dB, α = 4, and different values of power control factor .
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The plot shows that with different power control, the coverage probability of primary
cellular user shows quite different trends. For example, without power control ( = 0),
the upper bound on coverage probability drops from 0.94 to 0.47 by increasing underlay
users from 27 to 108 (λ = 0.03 × 10−3 → 0.1 × 10−3). On the other hand, the upper
bound with high power control ( = 0.5) shows hardly any drop in coverage probability
for this range of user density. The power control can be incorporated to realize dense
underlay D2D network. The higher power can cause intra-cell (primary cellular user
to D2D receiver) and inter-cell interference (primary cellular user to cell-edge users of
neighbouring cells). However, this problem can be solved via optimal power control
and resource management.
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Figure 5.4: Average coverage probability of primary cellular user for pi = 1 mW,
pc = 0.2 W, rd ≤ 10 m, α = 4, and  = 0.
In Fig. 5.4, I analyse average coverage probability of primary cellular user for different
values of SIR threshold γ. The difference between upper and lower bound, for under-
lay users (≥ 250) reduces significantly at higher values of γ. Moreover, both bounds
converge to a small range of coverage probability, [0, 0.0625]. The reverse effect can
be seen in case of underlay users (≤ 100). In Fig. 5.5, no convergence to small range
of coverage probability can be seen at higher values of γ. This phenomenon follows
the intuition. The former case, without any power control, results into interference-
dominated environment whereas in later case, simple power control has suppressed
accumulated interference of underlay users. The power control effect on coverage prob-
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ability can be seen by comparing Fig. 5.4 and Fig. 5.5. By incorporating simple power
control, dense underlay D2D network can be realized. For example, by setting  = 0.25,
the lower and upper bounds on coverage probability of primary cellular user at γ = −5
dB have been improved from [0.04, 0.07] to [60.7, 70.8]. For this value of , the coverage
probability of primary cellular user is (≥) 50% for underlay users (≤) 250. This shows
huge gain in capacity even if half of them are able to share contents between each other
while meeting certain SIR threshold1.
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Figure 5.5: Average coverage probability of primary cellular user for pi = 1 mW,
pc = 0.2 W, rd ≤ 10 m, α = 4, and  = 0.25.
In Fig. 5.6, I analyse the impact of physical distance between D2D users on coverage
probability of primary cellular user. The shortest distance rd results into reduced path-
loss and smaller transmit power. The transmit power of each D2D pair can be different
depending upon rd and required SIR. Therefore, ideally, the transmit power of D2D
pairs should be controlled by SBS, however, it requires channel state information of
direct link and incurs a lot of signalling overhead. To simplify the analysis, I assume
same transmit power of all D2D pairs. Because of the nature of proximity based D2D
communication, shorter distances and hence low transmit power is always feasible to
contribute minimum interference to the primary cellular user. I present the impact of
rd for four values of transmit power pi = [−15 − 10 − 50] dBm. At shorter distances,
1I assumed maximum of 1000 underlay D2D users. This figure is quite pessimistic as compared to
scenarios where 1 million connections/Km2 is expected in future cellular networks [5].
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the direct link establishes line of sight communication. The D2D link has an analogy
to satellite link however, the distance of former (order of few meters) is negligible as
compared to later (order of 36,000 Km). The transmit power of iDirect remote terminal
to satellite space segment ranges between -35 and 0 dBm [209]. As compared to this
range, at a distance of few meter, the range of pi is still very high. These values
show high interference and hence significantly drop coverage probability of primary
cellular user. For example, increase in pi from -15 dBm to 0 dBm reduces coverage
probability from 79.7% to 37.3%. If I transmit power (≤ −15 dBm), I can ensure
coverage probability of primary cellular user (≥ 80%).
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Figure 5.6: Average coverage probability of primary cellular user for pc = 0.2 W, γ = 15
dB, α = 4,  = 0.25 and 100 underlay D2D users.
In Fig. 5.7, I consider two scenarios, indoor (α = 1.8) and suburban (α = 4), for two
cases of power control ( = [0, 0.25]). In case of no power control, the bounds, at lower
γ, are widely spread whereas for higher values, they show cross-over point [210, Fig. 9,
10]. This cross-over point has been shifted to lower values of γ in case of power control.
For example, the cross-over point in these scenarios, in case of upper bounds, has been
shifted from (17.5 → 12.5) by employing power control of 0.25. The similar amount
of shift can be seen in case of lower bounds. This shows that in indoor scenarios, the
power control provides coverage gain but it rapidly drops as compared to suburban
scenario. This validates the intuition since the numerator in (5.4), IA, is scaled by big
denominator (smaller α, higher coverage drop) as compared to very big denominator
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(higher α, smaller coverage drop).
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Figure 5.7: Average coverage probability of primary cellular user for pc = 0.25 W,
pi = 1 mW, γ = 15 dB, λ = 0.003 (250 users), and different (α, ).
5.5 Conclusion
In this chapter, I have characterized interference of underlay D2D network, by con-
sidering spatial and social relationship, on average coverage probability of distance-
proportional power-controlled primary cellular user. The spatial and social relations,
between D2D nodes, are based on physical distance and Zipf distributed common popu-
lar file requests, respectively. The resulting analytic expressions, based on joint spatial
and social constraints, have no closed-form expression, however, the lower and upper
bounds of common popular file requests have nice convergence in the form of digamma
and polygamma functions. I have introduced this function as independent marks to
each D2D node and applied distance based thinning. Effectively, I have applied thin-
ning (physical distance based retention) on Zipf based marked PPP to realize thinned
IMPPP process.
The numerical evaluations present the effect of user density, SIR threshold, power
control, and physical distance on average coverage probability of primary cellular user.
The analysis show that the user density of potential D2D nodes can be increased by
controlling power-control factor of primary cellular user. This means ultra dense cellular
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networks can sustain huge capacity demands by up-link power control on primary
cellular user. The other factor is the target SIR threshold of primary cellular user
which can also be ensured by power control. By controlling the transmit power of
successful D2D pairs and up-link power control on primary cellular user, the physical
distance for D2D pairing can also be increased to cope up capacity demands. In next
chapter, I conclude the thesis and present possible future research from the perspective
of SARC architecture.
Chapter 6
Conclusion and Future Work
In this chapter I summarize the thesis, highlight the contributions, mention the lim-
itations of current research, and present some potential research directions from the
perspective of future cellular architecture.
6.1 Summary of the Thesis
In this research work, I considered system coexistence in terms of underlay D2D
network. This coexistence offers huge gains in capacity and coverage, reduction in
CAPEX/OPEX due to infrastructure-less network densification, and energy efficient
communication. However, reuse of radio resources causes intra-cell cross-tier interfer-
ence issue. The impact of this interference depends on several factors among which
underlay user density, spatial relation in terms of physical distance and social relation
between users directly impact the system capacity and coverage. In order to precisely
model the interference channel, all these factors should be considered while analysing
its impact on primary network. In this research, I considered the impact of intra-cell
cross-tier interference on average coverage probability of primary cellular user.
In Chapter 1, I have provided the scope of this research work. In order to realize
underlay D2D network, I have categorized several factors into primary and secondary
user concerns, respectively. The former concerns are spatial proximity and social re-
lationship between users. The later concerns are quality of experience and quality of
protection. In this thesis, I have ignored secondary concerns and focused on primary
factors to realize feasible D2D pairs. The rest part of Chapter 1 provides motivation,
overview of contributions, thesis outline and publication record.
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In Chapter 2, I have compared CARC and possible future cellular architecture i.e.,
SARC. In this context, I have set performance measures (energy efficiency, system
capacity, interference and mobility management) and surveyed state of the art in CARC
and SARC. Following the motivation of D2D communication in Chapter 1, I have
provided short survey on D2D communication and presented several approaches that
analyse transmission capacity and coverage probability. In final section of Chapter 2, I
have discussed suitability of D2D communication in SARC.
In Chapter 3, I have considered single cell scenario of existing cellular architecture and
D2D pairing based on spatial proximity. The spatial proximity considers physical near-
ness and depends on reduced path-loss based shortest distance. The spatial distribution
of users follow homogeneous PPP. The average coverage probability is derived at two
reference points 1). SBS, 2). reference D2D pair. In first case, reference D2D pair is
considered as D2D interferer similar to other D2D interferers. In second case, primary
cellular user is considered as interferer along with other neighbouring D2D interferers.
In both cases, retention probability is introduced that captures spatial proximity based
D2D pairing.
In Chapter 4, I have extended the assumption of homogeneous PPP towards inhomoge-
neous cluster point process to consider homophilic relation that exists in users. In this
context, I have assumed PCP to model spatial distribution of potential D2D users. This
process considers positive spatial correlation between users and hence models cluster-
ing effect. The process generation is validated by closed-form expressions of summary
statistics of PCP. This is followed by deriving nearest neighbour distribution function
which is introduced as retention probability for D2D pairing. This function is based on
random intensity measure of PCP which is approximated by using random field theory
and Euler characteristic based topological inference.
In Chapter 5, I have considered joint spatial and social-aware interference analysis.
Since homophilic relations are diverse in nature and cannot be modelled by simple
expressions, therefore in Chapter 4, I only considered the effect of such relations in terms
of clustering phenomenon and analyse coverage probability. This approach does not
provide deeper granularity of social relations between users. In Chapter 5, I defined the
social relation between users on the basis of common content requests. I have assumed
Zipf distribution and modelled spatial and social distribution of users as pIMPPP. The
D2D pairing is jointly performed on the basis of physical nearness and common content
requests. Since the resulting coverage expressions were mathematically intractable, I
provided upper and lower bounds on average coverage probability of cellular user.
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6.2 Contributions and Limitations
6.2.1 Contributions
I summarized the contributions of this research as follows:
• A comprehensive survey on SARC and D2D communication has been presented.
Various proposals are reviewed that have been presented in literature so far to
enable SARC. More specifically, I analysed how and to what degree various SARC
proposals address the four main challenges in network densification namely: en-
ergy efficiency, system level capacity maximization, interference management and
mobility management. This is followed by literature on realizing D2D network
densification. I focused on two salient features of future cellular networks that
had not yet been adapted in legacy networks at wide scale and thus remain a
hallmark of 5G, i.e., cooperation in terms of 1). CoMP, and 2). D2D communica-
tions. After providing necessary background on CoMP and D2D,I have analysed
how SARC can particularly act as a major enabler for CoMP and D2D in context
of 5G.
• I considered three tier hierarchical HetNet with uniformly distributed overlay
D2D nodes to analyse spectral efficiency improvements. Based on preliminary
results, I considered mature framework of Stochastic Geometry and point process
to analyse underlay scenario. The number of potential nodes for D2D communi-
cation is an important parameter that dictates densification and directly impacts
the system capacity. Therefore, I derived analytic expression for average coverage
probability of cellular user and corresponding number of potential D2D users. For
the sake of completeness, similar analysis had also been presented for the average
coverage probability of reference D2D pair.
• The basic model has been extended by considering inhomogeneity and cluster-
ing effects in potential D2D users. Since negative spatial correlation in BSs, due
to strategical deployments, and positive spatial correlations in MTs, due to ho-
mophilic relations, cannot be captured by homogeneous SPPP, I proposed doubly
Stochastic Poisson process, a generalization of homogeneous PPP, with intensity
measure as another Stochastic process. To this end, I assumed PCP to capture
positive spatial correlation in MTs. I considered product density to derive CFA of
spatial summary statistics. I proposed EC based novel approach to approximate
6.2. Contributions and Limitations 111
intractable random intensity measure and subsequently derive nearest neighbour
distribution function. I further proposed the threshold and spatial extent of ex-
cursion set of χ2 random field as interference control parameters to select different
cluster sizes for D2D communication. The spatial extent of clusters is controlled
by nearest neighbour distribution function which is incorporated into Laplace
functional to analyse the effect of D2D interfering clusters on average coverage
probability of primary cellular user.
• The homophilic relations between potential D2D pairs are diverse in nature and
hence can not be captured in simple expressions. Therefore I assumed one type of
social relation between potential D2D nodes i.e., common content requests. This
relation has been jointly modelled with spatial relation between the nodes. To
this end, I modelled both spatial and social distributions of interfering D2D nodes
as proximity based independently marked homogeneous Poisson point process.
The proximity considers physical distance between D2D nodes whereas social re-
lationship is modelled as Zipf based marks. I applied these two paradigms to
analyse the effect of interference on coverage probability of distance-proportional
power-controlled primary cellular user. Effectively, I applied two type of func-
tional mappings (physical distance, social marks) to Laplace functional of point
process. The resulting coverage probability has no closed-form expression, how-
ever for a subset of social marks, the mark summation converges to digamma and
polygamma functions. This subset constitutes the upper and lower bounds on
coverage probability of primary cellular user.
6.2.2 Limitations of Current Work
• In this work I have assumed simple path-loss based D2D pairing and ignored
channel conditions between potential D2D users. Though this assumption has
partial justification since the dominating factor in channel model is the path-loss.
However for precise D2D pairing, CSI should also be considered. In real networks,
it is very costly to get instantaneous CSI due to increased signalling. This issue
can, however, be addressed by considering statistical CSI. In this context, I can
use marginal distribution of spatial proximity and statistical CSI, however, the
joint distribution, which is note reported in literature, is required to perform
accurate D2D pairing.
• I considered static scenario for D2D pairing. This assumption has no impact
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on Stochastic modelling of underlay D2D network since the underlying spatial
and social distributions implicitly consider the user mobility by respective prob-
abilities. For example, for high mobility user, the spatial distribution has lower
probability of user being at specific location whereas for static users, the respec-
tive probability is high. The static assumption, however, has strong impact on
channel conditions. Since I do not consider channel conditions for D2D pair-
ing and moreover D2D communication is being assumed for low mobility users,
ideally static users, this assumption has less impact on overall analysis.
• While analysing the coverage probability, I ignored the QoS requirements of suc-
cessful D2D pairs. This means that the successful D2D pair has no guarantee of
direct communication. This happens once the receiver of one successful pair lies
very close to nearby transmitter (primary cellular user or other D2D pair). This
limitation can be addressed by restricting D2D pairs where the receiver happens
to lie in the blocking zone of nearby transmitter. I assumed no QoS for D2D pairs
to simplify the analysis.
6.3 Future Work
The intra-cell cross-tier interference analysis for homogeneous and spatially correlated
environment of underlay D2D network provides promising system insights in terms
of capacity gains and system coexistence. Before migration to next generation cellular
networks, it is very cost-effective to analyse future architecture e.g., SARC using mature
framework of Stochastic geometry and point processes. In order to highlight future
work, I consider SARC of Fig. 6.1 as future cellular architecture. In this context, some
of the potential extensions of present research are listed below:
• The SARC, being potential candidate for future cellular architecture, can pre-
cisely be modelled by Stochastic geometry and point process framework to in-
vestigate the possible gains. The umbrella macro-cell (cBS) is always turned
on for ubiquitous coverage whereas data cells dBSs can be turned off to adopt
traffic variations and ensure energy efficient operation. Such scenario generates
macro-cell with probability one and random intensity of small-cells. The Palm
calculus of Stochastic geometry is the feasible tool to characterize such scenario
and provide probabilistic analysis for capacity and coverage performance of SARC
architecture.
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Figure 6.1: An expected future cellular network.
• The negative spatial correlation between operator deployed small-cells has been
reported in the literature. This negative spatial correlation can be considered
for BSs in future SARC architecture. In this context, the class of Determinantal
point process can precisely model spatial distribution of dBSs. By considering
positive spatial correlation between mobile users, the overall SARC architecture
can be modelled by joint Determinantal and Permanental point processes where
random intensity measure of dBSs and MTs are governed by respective point
processes.
• Along with spatial and social paradigms for interference analysis in underlay
D2D network of SARC architecture, the temporal dimension can be added to
capture traffic variations during different time stamps. The joint spatial, social
and temporal coverage analysis of primary user can provide higher degree of
freedom for frequency reuse and D2D pairing in dBS switch-off energy efficient
cellular environment. As a first step, the socially well connected nodes can be
identified. Based on this selection, further optimization in time and space can be
carried out to find optimum partner node for D2D communication.
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6.4 Conclusion
The cellular networks are soon to migrate from current generation to next generation.
In such type of migrations, the proposed network is modelled using available technolo-
gies and frameworks e.g., Stochastic geometry, Game theory, Graph theory etc. This
modelling provides initial system insight on the basis of which further scenarios and as-
sumption are made. After preliminary system prototyping, the statistical and empirical
evidence is established.
In this thesis, I used mature framework of Stochastic geometry to analyse system coex-
istence in the form of underlay D2D communication. In system coexistence, the most
important performance indicator is the coverage probability of primary user. There
are different factors that impact the coverage probability. In Stochastic sense, the key
factors are spatial proximity, social relationship, clustering effect, and uniformity of
distribution. All these factors are available in the form of probability distributions.
In cellular network, the key factors are desired QoS of primary user, transmit power
of cellular and underlay D2D user, channel conditions, and D2D user density. In this
research work, I started with basic assumptions and built precise framework where ac-
curate assumptions were made about spatial and social relations between D2D users.
The cellular parameters were varied to analyse the impact of intra-cell cross-tier inter-
ference on average coverage probability of primary user. The simulation results verified
various closed-form expressions. Based on these results, I conclude that network densi-
fication of underlay devices can enhance system capacity while ensuring QoS of primary
user. This network densification has all benefits of reduced CAPEX/OPEX, increases
system capacity, lower latency and better energy efficiency, however, at the cost of
intra-cell cross-tier interference.
Appendix A
Proof of Theorem 1
For the system model of Fig. 3.1, the average coverage probability of cellular user
distributed uniformly over plane between R and R0 at a distance rc from the serving
SBS is given as follows:
pccov =Erc
[
P[SIRSBS ≥ γ] | rc
]
,
=Erc
[
P[(fc ≥ γIm
pcr
−α
c
)] | rc
]
, (A.1)
where
Im =
∑
i∈Φ
pifir
−α
i , (A.2)
is the cumulated interference due to successful D2D pairs in the coverage area and E(·)
is expectation with respect to (·).
In (A.1), the coverage probability depends on number of random variables e.g., pc, fc,
r−αc , pi, fi, r
−α
i .
Conditioning on g = {pi, fi}, the conditional coverage probability of cellular user for a
given transmit power pc is
P[SIRSBS ≥ γ] | rc, g =
∫ ∞
x= γIm
pcr
−α
c
exp(−x)dx,
= exp
(− γp−1c rαc Im). (A.3)
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De-conditioning by g, (A.3) results in
P[SIRSBS ≥ γ] | rc =Eg
[
exp
(− γp−1c rαc Im)],
=Eg
[
exp
(− scIm)],
=LIm
(
sc
)
, (A.4)
where sc = γp
−1
c r
α
c .
Putting the value of Im from (A.2) into (A.4)
LIm
(
sc
)
=EΦ,pi,fi
[
exp
(
− sc
∑
i∈Φ
pifir
−α
i
)]
,
=EΦ,pi,fi
[∏
i∈Φ
exp
(
− scpifir−αi
)]
,
=EΦ,pi
[∏
i∈Φ
Efi
{
exp
(
− scpifir−αi
)}]
,
=EΦ
[∏
i∈Φ
Epi
{
1
1 + scpir
−α
i
}]
,
≈EΦ
[∏
i∈Φ
1
1 + scE[pi]r−αi︸ ︷︷ ︸
f(x)
]
, (A.5)
where (A.5) results from the i.i.d. assumption of pi and fi and further independence
from SPPP process. The expected value is a linear operator and the value of pi usually
varies as discrete steps in a small range e.g., [−5,−4, · · ·, 5] dBm. In this case, Epi(·)
in (A.5) can be approximated by E[pi].
The probability generating functional (PGFL) for a function f(x) with retention prob-
ability p(r) from (3.1) implies:
E
[∏
i∈Φ
f(x)
]
≈ exp
(
−
∫
R2
[1− f(x)]p(r)λ dx
)
,
≈ exp
(
− λ p(r)
∫ ∞
0
∫ 2pi
0
[1− f(x)]xdrdx
)
,
≈ exp
(
− 2piλ p(r)
∫ ∞
0
[1− f(x)]xdx
)
. (A.6)
Putting f(x) from (A.5) into (C.2) results in
LIm
(
sc
) ≈ exp(− 2piλ p(r) ∫ ∞
R0
[
1− 1
1 + scE[pi]x−α
]
xdx
)
,
≈ exp
(
− 2piλ p(r)
∫ ∞
R0
[ 1
1 + x
α
scE[pi]
]
xdx
)
. (A.7)
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By substituting x
α
scE[pi] = u
α, (A.7) results in
LIm
(
sc
) ≈ exp(− 2piλ p(r)(sc) 2αE[p 2αi ]∫ ∞
R0
[ u
1 + uα
]
du
)
. (A.8)
Since R0  R, therefore assuming R0 ∼ 0, the integral on right hand side of (A.8) can
be evaluated as ∫ ∞
0
[ u
1 + uα
]
du =
pi
α sin(2piα )
. (A.9)
Putting (A.9) into (A.8) and using uniform distribution from (3.2), the average coverage
probability of a cellular user (A.1) at SBS is
pccov ≈Erc
[
exp
(
− 2pi
2λ p(r) r2c
α sin(2piα )
( γ
pc
) 2
αE[p
2
α
i ]
)
|rc
]
,
≈
∫ R
R0
exp
(
− 2pi
2λ
[
1− exp(−kpiλµ2)] r2c
α sin(2piα )
( γ
pc
) 2
αE[p
2
α
i ]
)
2rc
R2
drc. (A.10)
Appendix B
Proof of Theorem 2
For a system model of Fig. 3.1, the average coverage probability of reference D2D
receiver, distributed uniformly over plane between R and R0 (at a distance d from the
cellular interferer), conditioned on g = [pi, fi] and h = [pc, d, fc] is given as follows:
pdcov =Ern, h, g
[
P
[
SIRk ≥ γ
] | rn, h, g],
=Ern, h, g
[
P
[
(fd ≥ γ Ic + In
pdr
−α
d
)
] | rn, h, g], (B.1)
where
Ic =pcfcd
−α, (B.2)
and
In =
∑
i∈Φ\k
pifir
−α
i , (B.3)
are the cumulative interferences due to cellular user and D2D interferers, respectively.
The conditional coverage probability from (B.1) is:
P
[
(fd ≥ γ Ic + In
pdr
−α
d
)
] | rn, h, g =∫ ∞
x=γ Ic+In
pdr
−α
d
exp(−x)dx,
= exp
(
− γ(Ic + In)
pdr
−α
d
)
,
= exp
(
− γIc
pdr
−α
d
)
exp
(
− γIn
pdr
−α
d
)
. (B.4)
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Putting (B.4) in (B.1), the average coverage probability is
pdcov =Ern,h,g
[
exp
(
− γIc
pdr
−α
d
)
exp
(
− γIn
pdr
−α
d
)]
,
=Ern
[
Eh
[
exp
(
− γIc
pdr
−α
d
)]
Eg
[
exp
(
− γIn
pdr
−α
d
)]]
,
=Ern
[
LIc(sd) LIn(sd)
]
, (B.5)
where sd = γp
−1
d r
α
d .
De-conditioning (by h = [pc, d, fc]) of the first part on right hand side of (B.5) and
putting the value of Ic from (B.2)
LIc
(
sd
)
=Epc,d,fc
[
exp
(
− sdpcfcd−α
)]
, (B.6)
where the expectation considers cellular user distributions for up-link power, distance,
and channel gain at the reference D2D receiver. In order to get insight into (B.6), I
assume 1). the transmit power of cellular interferer is independent of D2D interferers
and is controlled only by the serving SBS, 2). distance d between cellular interferer and
reference D2D receiver follows pdf given by (3.3), and 3). all fading channels follow
Exp(1). The resulting cellular interference is
LIc
(
sd
)
=Ed
[
Efc
{
exp
(
− sdpcfcd−α
)}]
,
=Ed
[
1
1 + sdpcd−α
]
,
=Ed
[
1
1 + γ
pcrαd
pddα
]
, (B.7)
Using approximation from [159, Sec. IV-C] and the first moment of d from [165], (B.7)
results into
LIc
(
sd
) ≈ 1
1 + (γ pcpd )
2
α
r2d
(128R/45pi)2
, (B.8)
All interferers (D2D transmitters) are dropped according to MPPP; therefore putting
the value of In from (B.3) into the second part on right hand side of (B.5)
LIn
(
sd
) ≈EΦ,pi,fi[ exp(− sd ∑
i∈Φ\k
pifir
−α
i
)]
. (B.9)
Following similar derivations of Appendix A, (B.9) can be derived as
LIn
(
sd
) ≈ exp(− 2pi2λ p(r) r2d
α sin(2piα )
( γ
pd
) 2
αE[p
2
α
i ]
)
. (B.10)
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Putting (B.8) and (B.10) into (B.5), the average coverage probability of reference D2D
receiver is:
pdcov ≈Ern
[
LIc(sd) LIn(sd) |rn
]
,
≈
∫ R
R0
exp
(
− 2pi2λ [1−exp(−kpiλµ2)] r2d
α sin( 2pi
α
)
( γ
pd
) 2
αE[p
2
α
i ]
)
1 + (γ pcpd )
2
α
r2d
( 128R
45pi
)2
2rn
R2
drn. (B.11)
Appendix C
Proof of Theorem 6
The Laplace functional1 of a general Cox process is given as [211]:
LΦ(f) = EΛ
[
exp
(
−
∫
R2
(1− f(x))Λ(x)dx
)]
. (C.1)
In (C.1), the random intensity measure Λ(x) defines the Laplace functionals for sub-
classes of Cox process. For example, the same Laplace functional holds for PCP if Λ(x)
is defined as in Equ. (4.1) 2. The expression in (C.1) is mathematically intractable
since the integral over R2 for nested integrals of Λ(x) (governed by χ2k-RF) can not
be solved in closed-form as discussed in (4.4). Therefore, I apply approximations from
Sec. 4.4 and replace Λ(x) in (C.1) by ψ0 i.e., expected intensity measure. In this case,
1The Laplace functionals of a general point process and PPP are, respectively, given in [166,
Definition 1.2.1 and Proposition 1.2.2].
2For GRF X, PPP Φ, kernel function h(·, ·), Le´vy basis L(·), and random parameter λ∗ > 0, the
random intensity function λ(s) for different subclasses of Cox processes are given as:
• Log Gaussian: λ(s) = exp (X(s)).
• Generalized Shot Noise: λ(s) = ∑X∈Φ h(X, s).
• Le´vy Based: λ(s) = ∫ h(x, s)L(dx).
• Permanental: λ(s) = X21 (s) + · · ·+X2k(s).
• Sigmoidal Gaussian: λ(s) = λ∗/(1 + exp (−X(s))).
The random intensity function can be plugged in Equ. (4.1) to find random intensity measure Λ(s) of
respective subclasses of Cox process.
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the outer expectation operator can be ignored since ψ is already an average value of
Λ(x). The Laplace functional of PCP, in this case, can be given as:
EΦ
[∏
i∈Φ
f(x)
]
≈ exp
(
−
∫
R2
(1− f(x))ψ0dx
)
,
(a)≈ exp
(
−
∫
R2
(1− f(x))p(r)ψ0dx
)
,
≈ exp
(
− ψ0 p(r)
∫ ∞
0
∫ 2pi
0
(1− f(x))xdθdx
)
,
≈ exp
(
− 2piψ0 p(r)
∫ ∞
0
(1− f(x))xdx
)
, (C.2)
where (a) results by applying thinning [166, Proposition 1.3.5] based on retention prob-
ability p(r) = G(r) from (4.23).
The rest of the analysis is similar to derivations of Appendix A. Therefore the average
coverage probability of cellular user can be derived as:
pccov ≈ Erc
[
exp
(
− 2pi
2ψ0 p(r) r
2
c
α sin(2piα )
( γ
pc
) 2
αE[p
2
α
i ]
)
|rc
]
,
≈
∫ R
R0
exp
(
− 2pi
2ψ0p(r) r
2
c
α sin(2piα )
( γ
pc
) 2
αE[p
2
α
i ]
)
2rc
R2
drc. (C.3)
Bibliography
[1] Cisco, “Global Mobile Data Traffic Forecast Update, 2015–2020”, White paper,
Feb. 2016.
[2] Nokia Siemens Networks, “2020: Beyond 4G Radio Evolution for the Gigabit
Experience”, White paper, Aug. 2011.
[3] WWRF, “Visions and Research Directions for the Wireless World: User 2020–A
WWRF Vision”, White paper, Sep. 2014.
[4] Thierry Van Landegem, “THE GREENTOUCH VISION: Transforming ICT
Networks for a Sustainable Future”, Nov. 2012, GreenTouch.
[5] IMT-2020 (5G) Promotion Group, “5G Vision and Requirements”, White paper,
May 2014.
[6] Ericsson, “More than 50 Billion Connected Devices”, White paper, Feb. 2011.
[7] Xingqin Lin, J.G. Andrews, and A. Ghosh, “Spectrum Sharing for Device-to-
device Communication in Cellular Networks”, IEEE Transactions on Wireless
Communications, vol. 13, no. 12, pp. 6727–6740, Dec. 2014.
[8] N. Kayastha, D. Niyato, P. Wang, and E. Hossain, “Applications, Architectures,
and Protocol Design Issues for Mobile Social Networks: A Survey”, Proceedings
of the IEEE, vol. 99, no. 12, pp. 2130–2158, Dec. 2011.
[9] 3rd Generation Partnership Project, “Study on LTE Device-to-device Proximity
Services - Radio Aspects”, TR 36.843, Mar. 2014.
[10] 3rd Generation Partnership Project, “Feasibility Study for Proximity Services
(ProSe)”, TR 22.803, Aug. 2012.
123
Bibliography 124
[11] X. Lin, J. G. Andrews, A. Ghosh, and R. Ratasuk, “An Overview of 3GPP
Device-to-device Proximity Services”, IEEE Communications Magazine, vol. 52,
no. 4, pp. 40–48, Apr. 2014.
[12] Qualcomm, “Creating a Digital 6th Sense through Always-on Proximal Aware-
ness”, Sep. 2015.
[13] Michael Gundlach, “Overview of D2D Proximity Services Standardization in
3GPP LTE”, Jun. 2014, Nokia.
[14] Sajith Balraj, “LTE Direct Overview”, 2012, Qualcomm.
[15] “Radio Access and Spectrum FP7 - Future Networks Cluster: MOTO - Project”,
Accessed: 2016-08-18.
[16] Ericsson Research Blog, “D2D Communications - What Part will it Play in 5G?”,
Jul. 2014.
[17] RAS, “5G Radio Network Architecture”, White paper, Feb. 2014.
[18] Z. Li, M. Moisio, M. A. Uusitalo, P. Lundn, C. Wijting, F. Sanchez Moya,
A. Yaver, and V. Venkatasubramanian, “Overview on Initial METIS D2D Con-
cept”, in International Conference on 5G for Ubiquitous Connectivity (5GU),
Nov. 2014, pp. 203–208.
[19] A. Asadi, Q. Wang, and V. Mancuso, “A Survey on Device-to-device Communi-
cation in Cellular Networks”, IEEE Communications Surveys & Tutorials, vol.
16, no. 4, pp. 1801–1819, Fourthquarter 2014.
[20] H. A. Mustafa, M. A. Imran, M. Z. Shakir, A. Imran, and R. Tafazolli, “Sep-
aration Framework: An Enabler for Cooperative and D2D Communication for
Future 5G Networks”, IEEE Communications Surveys & Tutorials, vol. 18, no.
1, pp. 419–445, Firstquarter 2016.
[21] H. A. Mustafa, M. Z. Shakir, M. A. Imran, A. Imran, and R. Tafazolli, “Coverage
Gain and Device-to-device User Density: Stochastic Geometry Modeling and
Analysis”, IEEE Communications Letters, vol. 19, no. 10, pp. 1742–1745, Oct.
2015.
[22] H. A. Mustafa, M. Z. Shakir, M. A. Imran, and R. Tafazolli, “Distance Based Co-
operation Region for D2D Pair”, in IEEE 81st Vehicular Technology Conference
(VTC Spring), May 2015, pp. 1–6.
Bibliography 125
[23] H. A. Mustafa, M. Z. Shakir, Y. A. Sambo, K. A. Qaraqe, M. A. Imran, and
E. Serpedin, “Spectral Efficiency Improvements in HetNets by Exploiting Device-
to-device Communications”, in IEEE Globecom Workshops (GC Wkshps), Dec.
2014, pp. 857–862.
[24] H. A. Mustafa, M. Z. Shakir, A. R. Ekti, M. A. Imran, and R. Tafazolli, “Intracell
Interference Characterization and Cluster Inference for D2D Communication”,
IEEE Transactions on Communications, Submitted.
[25] H. A. Mustafa, M. Z. Shakir, M. A. Imran, and R. Tafazolli, “Spatial and Social
Paradigms for Interference and Coverage Analysis in Underlay D2D Network”,
IEEE Transactions on Vehicular Technology, Submitted.
[26] Stephen Cass, “IP Traffic in 2017: 1.4 Zettabytes”, Feb. 2014, Accessed: 2015-
06-02.
[27] “UMTS Forum Report: Mobile Traffic Forecasts: 2010-2020”, Report 44, May
2011, Accessed: 2015-06-02.
[28] A. Osseiran et al., “The Foundation of the Mobile and Wireless Communications
System for 2020 and Beyond: Challenges, Enablers and Technology Solutions”,
in IEEE 77th Vehicular Technology Conference (VTC Spring), Jun. 2013, pp.
1–5.
[29] Ericsson, “More than 50 Billion Connected Devices”, White Paper, Feb. 2011,
Accessed: 2015-06-02.
[30] J.G. Andrews, H. Claussen, M. Dohler, S. Rangan, and M.C. Reed, “Femtocells:
Past, Present, and Future”, IEEE Journal on Selected Areas in Communications,
vol. 30, no. 3, pp. 497–508, Apr. 2012.
[31] A.P. Bianzino, C. Chaudet, D. Rossi, and J. Rougier, “A Survey of Green Net-
working Research”, IEEE Communications Surveys & Tutorials, vol. 14, no. 1,
pp. 3–20, Firstquarter 2012.
[32] Jinsong Wu, Sundeep Rangan, and Honggang Zhang, Eds., Green Communica-
tions: Theoretical Fundamentals, Algorithms and Applications, CRC Press, Boca
Raton, FL, 1st edition, Sep. 2012.
[33] H. Scott Matthews et al., “Planning Energy-efficient and Eco-sustainable
Telecommunications Networks”, Bell Labs Technical Journal, vol. 15, no. 1, pp.
215–236, Jun. 2010, Accessed: 2015-06-02.
Bibliography 126
[34] A. Fehske, G. Fettweis, J. Malmodin, and G. Biczok, “The Global Footprint
of Mobile Communications: The Ecological and Economic Perspective”, IEEE
Communications Magazine, vol. 49, no. 8, pp. 55–62, Aug. 2011.
[35] Chenfei Gao et al., “Relax, but do not sleep: A New Perspective on Green
Wireless Networking”, in IEEE Conference on Computer Communications (IN-
FOCOM), Apr. 2014, pp. 907–915.
[36] M.Z. Shakir et al., “Green Heterogeneous Small-cell Networks: Toward Reduc-
ing the CO2 Emissions of Mobile Communications Industry using Uplink Power
Adaptation”, IEEE Communications Magazine, vol. 51, no. 6, pp. 52–61, Jun.
2013.
[37] A. Dejonghe et al., “Green Reconfigurable Radio Systems”, IEEE Signal Pro-
cessing Magazine, vol. 24, no. 3, pp. 90–101, May 2007.
[38] G. Rittenhouse, S. Goyal, D.T. Neilson, and S. Samuel, “Sustainable Telecom-
munications”, in Technical Symposium at ITU Telecom World (ITU WT), Oct.
2011, pp. 19–23.
[39] ABIresearch, “Market Gets Primed to Rollout Half a Million Outdoor Small Cells
in 2013”, Jan. 2013, Accessed: 2015-06-02.
[40] P. Marsch, S. Khattak, and G. Fettweis, “A Framework for Determining Realistic
Capacity Bounds for Distributed Antenna Systems”, in IEEE Information Theory
Workshop (ITW), Oct. 2006, pp. 571–575.
[41] “GreenTouch-Project”, Accessed: 2015-06-02.
[42] “METISf 2020 - Project”, Accessed: 2015-06-02.
[43] “MiWEBA - Project”, Accessed: 2015-06-02.
[44] A. Capone, A. Fonseca dos Santos, I. Filippini, and B. Gloss, “Looking Beyond
Green Cellular Networks”, in 9th Annual Conference on Wireless On-demand
Network Systems and Services (WONS), 2012, pp. 127–130.
[45] Xiuqiang Xu, Gaoning He, Shunqing Zhang, Yan Chen, and Shugong Xu, “On
Functionality Separation for Green Mobile Networks: Concept Study over LTE”,
IEEE Communications Magazine, vol. 51, no. 5, pp. 82–90, 2013.
[46] G. Auer et al., “How Much Energy is Needed to Run a Wireless Network?”,
IEEE Wireless Communications, vol. 18, no. 5, pp. 40–49, Oct. 2011.
Bibliography 127
[47] J.T. Louhi, “Energy Efficiency of Modern Cellular Base Stations”, in 29th Inter-
national Telecommunications Energy Conference (INTELEC), 2007, pp. 475–476.
[48] M. Olsson et al., “5GrEEn: Towards Green 5G mobile networks”, in IEEE 9th
International Conference on Wireless and Mobile Computing, Networking and
Communications (WiMob), Oct. 2013, pp. 212–216.
[49] Tao Zhao et al., “Software Defined Radio Implementation of Signaling Splitting
in Hyper-cellular Network”, in 2nd Workshop on Software Radio Implementation
Forum. ACM, 2013, pp. 81–84.
[50] H. Ali-Ahmad et al., “An SDN-Based Network Architecture for Extremely Dense
Wireless Networks”, in IEEE SDN for Future Networks & Services (SDN4FNS),
Nov. 2013, pp. 1–7.
[51] A. Zakrzewska, D. Lopez-Perez, S. Kucera, and H. Claussen, “Dual Connec-
tivity in LTE HetNets with Split Control- and User-plane”, in IEEE Globecom
Workshops (GC Wkshps), Dec. 2013, pp. 391–396.
[52] H. Ishii, Y. Kishiyama, and H. Takahashi, “A Novel Architecture for LTE-B :C-
plane/U-plane Split and Phantom Cell Concept”, in IEEE Globecom Workshops
(GC Wkshps), Dec. 2012, pp. 624–630.
[53] S. Mukherjee and H. Ishii, “Energy Efficiency in the Phantom Cell Enhanced
Local Area Architecture”, in IEEE Wireless Communications and Networking
Conference (WCNC), Apr. 2013, pp. 1267–1272.
[54] Yukihiko Okumura, “5G Mobile Radio Access System using SHF/EHF Bands”,
in Asia-Pacific Microwave Conference (APMC), Nov. 2014, pp. 908–910.
[55] S. Suyama, J. Shen, A. Benjebbour, Y. Kishiyama, and Y. Okumura, “Super
High Bit Rate Radio Access Technologies for Small Cells using Higher Frequency
Bands”, in IEEE MTT-S International Microwave Symposium (IMS2014), Jun.
2014, pp. 1–4.
[56] K. E. Skouby WWRF, L. Sorensen, “User Scenarios 2020- a Worldwide Wireless
Future”, White paper, Jul. 2009.
[57] Rahim Tafazolli, Technologies for the Wireless Future: Wireless World Research
Forum (WWRF), John Wiley & Sons, 2006.
Bibliography 128
[58] Yan Q. Bian and Deepak. Rao, “Small Cells Big Opportunities”, Huawei, Feb.
2014, Accessed: 2015-06-02.
[59] Fred Donovan, “Infonetics: In-building, Outdoor Small Cells to Handle Quarter
of Mobile Traffic by 2016”, FierceMobileIT, Jan. 2013, Accessed: 2015-06-02.
[60] Small Cell Forum, “Small cells Whats the Big Idea?”, Feb. 2012, Accessed:
2015-06-02.
[61] D. Ferling et al., “Energy Efficiency Approaches for Radio Nodes”, in Future
Network & Mobile Summit, Jun. 2010, pp. 1–9.
[62] L.M. Correia et al., “Challenges and Enabling Technologies for Energy Aware
Mobile Radio Networks”, IEEE Communications Magazine, vol. 48, no. 11, pp.
66–72, 2010.
[63] H. Holtkamp, G. Auer, V. Giannini, and H. Haas, “A Parameterized Base Station
Power Model”, IEEE Communications Letters, vol. 17, no. 11, pp. 2033–2035,
Nov. 2013.
[64] Matthias Herlich and Holger Karl, “Energy-Efficient Assignment of User Equip-
ment to Cooperative Base Stations”, in 10th International Symposium on Wire-
less Communication Systems (ISWCS), Aug. 2013, pp. 1–5.
[65] Shan Zhang, Jian Wu, Jie Gong, Sheng Zhou, and Zhisheng Niu, “Energy-optimal
Probabilistic Base Station Sleeping under a Separation Network Architecture”, in
IEEE Global Communications Conference (GLOBECOM), Dec. 2014, pp. 4239–
4244.
[66] M.A. Marsan, L. Chiaraviglio, D. Ciullo, and M. Meo, “Optimal Energy Savings
in Cellular Access Networks”, in IEEE International Conference on Communi-
cations Workshops (ICC), Jun. 2009, pp. 1–5.
[67] L. Chiaraviglio, D. Ciullo, M. Meo, and M.A. Marsan, “Energy-efficient Man-
agement of UMTS Access Networks”, in 21st International Teletraffic Congress
(ITC), Sep. 2009, pp. 1–8.
[68] Eunsung Oh and B. Krishnamachari, “Energy Savings through Dynamic Base
Station Switching in Cellular Wireless Access Networks”, in IEEE Global
Telecommunications Conference (GLOBECOM), Dec. 2010, pp. 1–5.
Bibliography 129
[69] A.J. Fehske, F. Richter, and G.P. Fettweis, “Energy Efficiency Improvements
through Micro Sites in Cellular Mobile Radio Networks”, in IEEE Globecom
Workshops (GC Wkshps), Nov. 2009, pp. 1–5.
[70] Peter Rost and Gerhard Fettweis, “Green Communications in Cellular Networks
with Fixed Relay Nodes”, Cooperative Cellular Wireless Networks, pp. 300–323,
2010.
[71] Eunsung Oh, Kyuho Son, and B. Krishnamachari, “Dynamic Base Station
Switching-On/Off Strategies for Green Cellular Networks”, IEEE Transactions
on Wireless Communications, vol. 12, no. 5, pp. 2126–2136, May 2013.
[72] Kyuho Son, Hongseok Kim, Yung Yi, and B. Krishnamachari, “Base Station Op-
eration and User Association Mechanisms for Energy-Delay Trade-offs in Green
Cellular Networks”, IEEE Journal on Selected Areas in Communications, vol.
29, no. 8, pp. 1525–1536, 2011.
[73] H. Al Haj Hassan, L. Nuaymi, and A. Pelov, “Renewable Energy in Cellular
Networks: A Survey”, in IEEE Online Conference on Green Communications
(GreenCom), Oct. 2013, pp. 1–7.
[74] Li-Chun Wang and S. Rangapillai, “A Survey on Green 5G Cellular Networks”, in
International Conference on Signal Processing and Communications (SPCOM),
Jul. 2012, pp. 1–5.
[75] Skouby K. E. NTT DOCOMO, Sorensen L, “FOMA Base Station Using Solar
and Wind Power”, Jul. 2004, Accessed: 2015-06-02.
[76] Zheng Ping Yang Tianjian, Hu Yiwen and Dennis Pamlin, “Low Carbon Telecom-
munications Solutions in China”, Jul. 2010, Accessed: 2015-06-02.
[77] Shengrong Bu, F.R. Yu, and P.X. Liu, “A Game-theoretical Decision-making
Scheme for Electricity Retailers in the Smart Grid with Demand-side Man-
agement”, in IEEE International Conference on Smart Grid Communications
(SmartGridComm), Oct. 2011, pp. 387–391.
[78] Shengrong Bu, F.R. Yu, Yegui Cai, and P.X. Liu, “Energy Efficient Cellular
Networks with CoMP Communications and Smart Grid”, in IEEE International
Conference on Communications (ICC), Jun. 2012, pp. 5921–5925.
Bibliography 130
[79] Shengrong Bu, F.R. Yu, Yegui Cai, and X.P. Liu, “When the Smart Grid Meets
Energy-Efficient Communications: Green Wireless Cellular Networks Powered by
the Smart Grid”, IEEE Transactions on Wireless Communications, vol. 11, no.
8, pp. 3014–3024, Aug. 2012.
[80] Sheng Liu, Jianjun Wu, Chung Ha Koh, and V.K.N. Lau, “A 25 Gb/s(/km2)
Urban Wireless Network Beyond IMT-advanced”, IEEE Communications Mag-
azine, vol. 49, no. 2, pp. 122–129, Feb. 2011.
[81] “Estimated Spectrum Bandwidth Requirements for the Future Development of
IMT-2000 and IMT-advanced”, Accessed: 2015-06-02.
[82] Ran Zhang, Zhongming Zheng, Miao Wang, Xuemin Shen, and Liang-Liang Xie,
“Equivalent Capacity in Carrier Aggregation-Based LTE-A Systems: A Proba-
bilistic Analysis”, IEEE Transactions on Wireless Communications, vol. 13, no.
11, pp. 6444–6460, Nov. 2014.
[83] “5G Radio Access: Requirements, Concept and Technologies”, Accessed: 2015-
06-02.
[84] ARTEMIS, “pCell Wireless Reinvented”, White paper, Feb. 2015.
[85] S. Rangan, T.S. Rappaport, and E. Erkip, “Millimeter-Wave Cellular Wireless
Networks: Potentials and Challenges”, Proceedings of the IEEE, vol. 102, no. 3,
pp. 366–385, Mar. 2014.
[86] R.C. Daniels and R.W. Heath, “60 GHz Wireless Communications: Emerging
Requirements and Design Recommendations”, IEEE Vehicular Technology Mag-
azine, vol. 2, no. 3, pp. 41–50, Sep. 2007.
[87] M. Marcus and B. Pattan, “Millimeter Wave Propagation: Spectrum Manage-
ment Implications”, IEEE Microwave Magazine, vol. 6, no. 2, pp. 54–62, Jun.
2005.
[88] J.G. Andrews et al., “What Will 5G Be?”, IEEE Journal on Selected Areas in
Communications, vol. 32, no. 6, pp. 1065–1082, Jun. 2014.
[89] M. Jacob et al., “Diffraction in mm and Sub-mm Wave Indoor Propagation
Channels”, IEEE Transactions on Microwave Theory and Techniques, vol. 60,
no. 3, pp. 833–844, Mar. 2012.
Bibliography 131
[90] M. Kyro, V. Kolmonen, and P. Vainikainen, “Experimental Propagation Channel
Characterization of mm-Wave Radio Links in Urban Scenarios”, IEEE Antennas
and Wireless Propagation Letters, vol. 11, pp. 865–868, 2012.
[91] S.G. Larew, T.A. Thomas, M. Cudak, and A. Ghosh, “Air Interface Design and
Ray Tracing Study for 5G millimeter Wave Communications”, in IEEE Globecom
Workshops (GC Wkshps), Dec. 2013, pp. 117–122.
[92] T.S. Rappaport et al., “Millimeter Wave Mobile Communications for 5G Cellular:
It Will Work!”, IEEE Access, vol. 1, pp. 335–349, 2013.
[93] W. Roh et al., “Millimeter-wave Beamforming as an Enabling Technology for 5G
Cellular Communications: Theoretical Feasibility and Prototype Results”, IEEE
Communications Magazine, vol. 52, no. 2, pp. 106–113, Feb. 2014.
[94] T. Janevski, “5G Mobile Phone Concept”, in IEEE Consumer Communications
and Networking Conference (CCNC), Jan. 2009, pp. 1–2.
[95] Aleksandar Tudzarov and Toni Janevski, “Protocols and Algorithms for the Next
Generation 5G Mobile Systems”, Network Protocols and Algorithms, vol. 3, no.
1, pp. 94–114, Jun. 2011.
[96] “5G THE NANOCORE”, Accessed: 2015-06-02.
[97] M. Rahman and H. Yanikomeroglu, “Enhancing Cell-edge Performance: a Down-
link Dynamic Interference Avoidance Scheme with Inter-cell Coordination”, IEEE
Transactions on Wireless Communications, vol. 9, no. 4, pp. 1414–1425, Apr.
2010.
[98] C. Kosta, B. Hunt, A.U. Quddus, and R. Tafazolli, “On Interference Avoidance
through Inter-Cell Interference Coordination (ICIC) Based on OFDMA Mobile
Systems”, IEEE Communications Surveys & Tutorials, vol. 15, no. 3, pp. 973–
995, Thirdquarter 2013.
[99] G. Boudreau et al., “Interference Coordination and Cancellation for 4G Net-
works”, IEEE Communications Magazine, vol. 47, no. 4, pp. 74–81, Apr. 2009.
[100] Zheng Xie and B. Walke, “Frequency Reuse Techniques for Attaining Both Cover-
age and High Spectral Efficiency in OFDMA Cellular Systems”, in IEEE Wireless
Communications and Networking Conference (WCNC), Apr. 2010, pp. 1–6.
Bibliography 132
[101] Liang Dong, Zhu Song, Liu Wenxin, and Wang Wenbo, “A Frequency Reuse
Partitioning Scheme with Successive Interference Cancellation for OFDMA Up-
link Transmission”, in IEEE International Symposium on Personal, Indoor and
Mobile Radio Communications (PIMRC), Sep. 2009, pp. 1362–1366.
[102] S. Deb, P. Monogioudis, J. Miernik, and J.P. Seymour, “Algorithms for Enhanced
Inter-Cell Interference Coordination (eICIC) in LTE HetNets”, IEEE/ACM
Transactions on Networking, vol. 22, no. 1, pp. 137–150, Feb. 2014.
[103] D. Lopez-Perez et al., “Enhanced Inter-cell Interference Coordination Challenges
in Heterogeneous Networks”, IEEE Transactions on Wireless Communications,
vol. 18, no. 3, pp. 22–30, Jun. 2011.
[104] An Liu, V.K.N. Lau, Liangzhong Ruan, Junting Chen, and Dengkun Xiao, “Hi-
erarchical Radio Resource Optimization for Heterogeneous Networks With En-
hanced Inter-Cell Interference Coordination (eICIC)”, IEEE Transactions on
Signal Processing, vol. 62, no. 7, pp. 1684–1693, Apr. 2014.
[105] M. Karabacak, Dexin Wang, H. Ishii, and H. Arslan, “Mobility Performance of
Macrocell-assisted Small Cells in Manhattan Model”, in IEEE 79th Vehicular
Technology Conference (VTC Spring), May 2014, pp. 1–5.
[106] Chia-Han Lee and Zih-Siang Syu, “Handover Analysis of Macro-Assisted
Small Cell Networks”, in IEEE International Conference on Internet of
Things(iThings), and IEEE Green Computing and Communications (GreenCom)
and IEEE Cyber, Physical and Social Computing (CPSCom), Sep. 2014, pp. 604–
609.
[107] S. Kuklinski, Yuhong Li, and Khoa Truong Dinh, “Handover Management in
SDN-based Mobile Networks”, in IEEE Globecom Workshops (GC Wkshps),
Dec. 2014, pp. 194–200.
[108] L. Valtulina, M. Karimzadeh, G. Karagiannis, G. Heijenk, and A. Pras, “Perfor-
mance Evaluation of a SDN/Open Flow-based Distributed Mobility Management
(DMM) Approach in Virtualized LTE Systems”, in IEEE Globecom Workshops
(GC Wkshps), Dec. 2014, pp. 18–23.
[109] D. Kreutz et al., “Software-Defined Networking: A Comprehensive Survey”,
Proceedings of the IEEE, vol. 103, no. 1, pp. 14–76, Jan. 2015.
Bibliography 133
[110] A. Sniady and J. Soler, “LTE for Railways: Impact on Performance of ETCS
Railway Signaling”, IEEE Vehicular Technology Magazine, vol. 9, no. 2, pp.
69–77, Jun. 2014.
[111] Li Yan and Xuming Fang, “Decoupled Wireless Network Architecture for High-
speed Railway”, in IEEE International Workshop on High Mobility Wireless
Communications (HMWC), Nov. 2013, pp. 96–100.
[112] Hyeon Yeong Choi, Yongsoo Song, and Yong-Kyu Kim, “Standards of Future
Railway Wireless Communication in Korea”, 2014, Recent Advances in Computer
Engineering, Communications and Information Technology, Accessed: 2015-06-
02.
[113] 3GPP, “Evolved Universal Terrestrial Radio Access, Radio Resource Control”,
TS 36.331 V11.5.0 (2013-09), 3rd Generation Partnership Project (3GPP).
[114] Chang Wook Ahn and Jong-Hyun Lee, “Wireless Cooperative Communication:
A Survey”, in International Conference on Ubiquitous Information Management
and Communication (ICUIMC), 2011, pp. 78:1–78:6.
[115] Marcelo G. Rubinstein, Igor M. Moraes, Miguel Elias M. Campista, Lus Henrique
M. K. Costa, and Otto Carlos M. B. Duarte, “A Survey on Wireless Ad Hoc
Networks”, in Mobile and Wireless Communication Networks, Guy Pujolle, Ed.,
number 211, pp. 1–33. Springer US, 2006.
[116] B.M. Hochwald and S. ten Brink, “Achieving Near-capacity on a Multiple-
antenna Channel”, IEEE Transactions on Communications, vol. 51, no. 3, pp.
389–399, Mar. 2003.
[117] P.W. Wolniansky, G.J. Foschini, G.D. Golden, and R. Valenzuela, “V-BLAST:
An Architecture for Realizing very High Data Rates over the Rich-scattering
Wireless Channel”, in URSI International Symposium on Signals, Systems, and
Electronics, Sep. 1998, pp. 295–300.
[118] Xiaodong Wang and H.V. Poor, “Iterative (turbo) Soft Interference Cancellation
and Decoding for Coded CDMA”, IEEE Transactions on Communications, vol.
47, no. 7, pp. 1046–1061, Jul. 1999.
[119] Huaiyu Dai, A.F. Molisch, and H.V. Poor, “Downlink Capacity of Interference-
limited MIMO Systems with Joint Detection”, IEEE Transactions on Wireless
Communications, vol. 3, no. 2, pp. 442–453, Mar. 2004.
Bibliography 134
[120] G. Caire and S. Shamai, “On the Achievable Throughput of a Multiantenna
Gaussian Broadcast Channel”, IEEE Transactions on Information Theory, vol.
49, no. 7, pp. 1691–1706, Jul. 2003.
[121] N. Jindal, S. Vishwanath, and A. Goldsmith, “On the Duality of Gaussian
Multiple-access and Broadcast Channels”, IEEE Transactions on Information
Theory, vol. 50, no. 5, pp. 768–783, May 2004.
[122] Wei Yu and Tian Lan, “Transmitter Optimization for the Multi-Antenna Down-
link With Per-Antenna Power Constraints”, IEEE Transactions on Signal Pro-
cessing, vol. 55, no. 6, pp. 2646–2660, Jun. 2007.
[123] Andrea Garavaglia, Ralf Weber, Matthias Schulist, and Stefan Brueck, “Adaptive
Cell Clustering in a Multi-cluster Environment”, Jan. 2014.
[124] Patrick Marsch and Gerhard P. Fettweis, Eds., Coordinated Multi-point in Mo-
bile Communications: From Theory to Practice, Cambridge University Press,
Cambridge ; New York, 2011.
[125] M.S. Corson et al., “Toward Proximity-aware Internetworking”, IEEE Wireless
Communications, vol. 17, no. 6, pp. 26–33, Dec. 2010.
[126] E. Bastug, M. Bennis, and M. Debbah, “Social and Spatial Proactive Caching for
Mobile Data Oﬄoading”, in IEEE International Conference on Communications
Workshop (ICC), Jun. 2014, pp. 581–586.
[127] Yu Li, Ting Zhou, Jing Xu, Zhenhong Li, and Haifeng Wang, “Adaptive TDD
UL/DL Slot Utilization for Cellular Controlled D2D Communications”, in Global
Mobile Congress (GMC), Oct. 2011, pp. 1–6.
[128] Hongguang Sun, Min Sheng, M. Wildemeersch, and T.Q.S. Quek, “Modeling of
D2D Enhanced Two-tier Dynamic TDD Heterogeneous Cellular Networks”, in
IEEE/CIC International Conference on Communications in China (ICCC), Oct.
2014, pp. 609–614.
[129] H. Sun, M. Wildemeersch, M. Sheng, and T. Quek, “D2D Enhanced Heteroge-
neous Cellular Networks with Dynamic TDD”, IEEE Transactions on Wireless
Communications, vol. PP, no. 99, pp. 1–1, 2015.
[130] Sanghoon Kim and W. Stark, “Full Duplex Device to Device Communication in
Cellular Networks”, in International Conference on Computing, Networking and
Communications (ICNC), Feb. 2014, pp. 721–725.
Bibliography 135
[131] S. Ali, N. Rajatheva, and M. Latva-Aho, “Full Duplex Device-to-device Com-
munication in Cellular Networks”, in European Conference on Networks and
Communications (EuCNC), Jun. 2014, pp. 1–5.
[132] K.T. Hemachandra, N. Rajatheva, and M. Latva-Aho, “Sum-rate Analysis for
Full-duplex Underlay Device-to-device Networks”, in IEEE Wireless Communi-
cations and Networking Conference (WCNC), Apr. 2014, pp. 514–519.
[133] S. Ali, A. Ghazanfari, N. Rajatheva, and M. Latva-aho, “Effect of Residual of
Self-interference in Performance of Full-duplex D2D Communication”, in Inter-
national Conference on 5G for Ubiquitous Connectivity (5GU), Nov. 2014, pp.
46–51.
[134] Chithra B. Das, “A Study on Device to Device Communication in Wireless
Mobile Network”, International Journal of Modern Communication Technologies
& Research, vol. 3, no. 3, Mar. 2015.
[135] Shahid Mumtaz and Jonathan Rodriguez, Eds., Smart Device to Smart Device
Communication, Springer International Publishing, Cham, 2014.
[136] R. Irmer et al., “Coordinated Multipoint: Concepts, Performance, and Field
Trial Results”, IEEE Communications Magazine, vol. 49, no. 2, pp. 102–111,
Feb. 2011.
[137] S. Schwarz and M. Rupp, “Exploring Coordinated Multipoint Beamforming
Strategies for 5G Cellular”, IEEE Access, vol. 2, pp. 930–946, 2014.
[138] J. Liu, N. Kato, J. Ma, and N. Kadowaki, “Device-to-device Communication in
LTE-Advanced Networks: A Survey”, IEEE Communications Surveys & Tuto-
rials, vol. PP, no. 99, pp. 1–1, 2014.
[139] Bruhtesfa E. Godana and David Gesbert, “Coordinated Beamforming in Multi-
cell Networks with Channel State Information Exchange Delays”, in IEEE In-
ternational Symposium on Personal, Indoor and Mobile Radio Communications
(PIMRC), Sep. 2013, pp. 713–718.
[140] Kaibin Huang, B. Mondal, R.W. Heath, and J.G. Andrews, “CTH07-1: Effect of
Feedback Delay on Multi-Antenna Limited Feedback for Temporally-Correlated
Channels”, in IEEE Globecom, Nov. 2006, pp. 1–5.
Bibliography 136
[141] R. Bhagavatula and R.W. Heath, “Impact of Delayed Limited Feedback on the
Sum-Rate of Intercell Interference Nulling”, in IEEE International Conference
on Communications (ICC), Jun. 2011, pp. 1–5.
[142] R. Bhagavatula and R.W. Heath, “Adaptive Bit Partitioning for Multicell Inter-
cell Interference Nulling with Delayed Limited Feedback”, IEEE Transactions on
Signal Processing, vol. 59, no. 8, pp. 3824–3836, Aug. 2011.
[143] C.C. Tan and N.C. Beaulieu, “On First-order Markov Modeling for the Rayleigh
Fading Channel”, IEEE Transactions on Communications, vol. 48, no. 12, pp.
2032–2040, Dec. 2000.
[144] R.H. Clarke, “A Statistical Theory of Mobile-radio Reception”, Bell System
Technical Journal, The, vol. 47, no. 6, pp. 957–1000, Jul. 1968.
[145] Erjia Yan and Ying Ding, “Applying Centrality Measures to Impact Analysis: A
Coauthorship Network Analysis”, Journal of the American Society for Informa-
tion Science and Technology, vol. 60, no. 10, pp. 2107–2118, 2009.
[146] Chaoqun Ni, C Sugimoto, and Jiepu Jiang, “Degree, Closeness, and Betweenness:
Application of Group Centrality Measurements to Explore Macro-disciplinary
Evolution Diachronically”, in International Conference of the International So-
ciety for Scientometrics & Informetrics (ISSI), 2011, pp. 1–13.
[147] S. Mumtaz, K.M. Saidul Huq, and J. Rodriguez, “Coordinated Paradigm for D2D
Communications”, in IEEE Conference on Computer Communications Work-
shops (INFOCOM WKSHPS), Apr. 2014, pp. 718–723.
[148] Ericsson, “Physical Layer Aspects of Dual Connectivity”, St. Julian’s, Malta,
3GPP Standard Contribution R1-130566, Feb. 2013.
[149] K. Sakaguchi et al., “Cloud Cooperated Heterogeneous Cellular Networks”, in
International Symposium on Intelligent Signal Processing and Communication
Systems (ISPACS), Nov. 2013, pp. 787–791.
[150] Z. Zaidi, V. Friderikos, and M.A. Imran, “Future RAN Architecture: SD-RAN
through a General-purpose Processing Platform”, IEEE Vehicular Technology
Magazine, vol. 10, no. 1, pp. 52–60, Mar. 2015.
[151] “C-RAN the Road Towards Green RAN”, Accessed: 2015-06-02.
Bibliography 137
[152] N. Golrezaei, K. Shanmugam, A.G. Dimakis, A.F. Molisch, and G. Caire, “Femto-
Caching: Wireless Video Content Delivery through Distributed Caching Helpers”,
in IEEE Conference on Computer Communications (INFOCOM), Mar. 2012, pp.
1107–1115.
[153] N. Golrezaei, A.F. Molisch, A.G. Dimakis, and G. Caire, “Femtocaching and
Device-to-device Collaboration: A New Architecture for Wireless Video Distri-
bution”, IEEE Communications Magazine, vol. 51, no. 4, pp. 142–149, Apr.
2013.
[154] A. Liu and V.K.N. Lau, “Mixed-Timescale Precoding and Cache Control in
Cached MIMO Interference Network”, IEEE Transactions on Signal Processing,
vol. 61, no. 24, pp. 6320–6332, Dec. 2013.
[155] An Liu and V.K.N. Lau, “Cache-Enabled Opportunistic Cooperative MIMO for
Video Streaming in Wireless Systems”, IEEE Transactions on Signal Processing,
vol. 62, no. 2, pp. 390–402, Jan. 2014.
[156] An Liu and V. Lau, “Exploiting Base Station Caching in MIMO Cellular Net-
works: Opportunistic Cooperation for Video Streaming”, IEEE Transactions on
Signal Processing, vol. 63, no. 1, pp. 57–69, Jan. 2015.
[157] Xianghai Xu, Jun Sun, and Shixiang Shao, “Transmission Capacity of D2D
Communication Under Cellular Networks”, May 2013, Atlantis Press.
[158] A. H. Sakr and E. Hossain, “Cognitive and Energy Harvesting-Based D2D Com-
munication in Cellular Networks: Stochastic Geometry Modeling and Analysis”,
IEEE Transactions on Communications, vol. 63, no. 5, pp. 1867–1880, May 2015.
[159] N. Lee, X. Lin, J. G. Andrews, and R. W. Heath, “Power Control for D2D Un-
derlaid Cellular Networks: Modeling, Algorithms, and Analysis”, IEEE Journal
on Selected Areas in Communications, vol. 33, no. 1, pp. 1–13, Jan. 2015.
[160] Ziyang Liu, Hao Chen, Tao Peng, and Wenbo Wang, “Optimal Density and Power
Allocation of D2D Communication Under Heterogeneous Networks on Multi-
bands with Outage Constraints”, in International Conference on Computing,
Networking and Communications, Jan. 2013, pp. 1179–1183.
[161] H.S. Dhillon, R.K. Ganti, F. Baccelli, and Jeffrey G. Andrews, “Modeling and
analysis of k-tier downlink heterogeneous cellular networks”, IEEE Journal on
Selected Areas in Communications, vol. 30, no. 3, pp. 550–560, Apr. 2012.
Bibliography 138
[162] J. G. Andrews, F. Baccelli, and R. K. Ganti, “A Tractable Approach to Coverage
and Rate in Cellular Networks”, IEEE Transactions on Communications, vol.
59, no. 11, pp. 3122–3134, November 2011.
[163] F. Baccelli, B. Blaszczyszyn, and P. Muhlethaler, “Stochastic Analysis of Spatial
and Opportunistic Aloha”, IEEE Journal on Selected Areas in Communications,
vol. 27, no. 7, pp. 1105–1119, September 2009.
[164] P. A. W Lewis and G. S. Shedler, “Simulation of Nonhomogeneous Poisson
Processes by Thinning”, Naval Research Logistics Quarterly, vol. 26, no. 3, pp.
403–413, 1979.
[165] D. Moltchanov, “Survey Paper: Distance Distributions in Random Networks”,
Ad Hoc Networks, vol. 10, no. 6, pp. 1146–1166, Aug. 2012.
[166] Bartlomiej B laszczyszyn, Stochastic Geometry and Wireless Networks, Part I:
Theory, Now Publishers Inc.
[167] R. W. Heath, M. Kountouris, and T. Bai, “Modeling Heterogeneous Network
Interference Using Poisson Point Processes”, IEEE Transactions on Signal Pro-
cessing, vol. 61, no. 16, pp. 4114–4126, Aug. 2013.
[168] Chia-Han Lee, Cheng-Yu Shih, and Yu-Sheng Chen, “Stochastic Geometry Based
Models for Modeling Cellular Networks in Urban Areas”, Wireless Networks, vol.
19, no. 6, pp. 1063–1072, Oct. 2012.
[169] “Number of Social Media Users Worldwide 2010-2020 | Statistic”.
[170] Tomoyuki Shirai and Yoichiro Takahashi, “Random Point Fields Associated with
Certain Fredholm Determinants I: Fermion, Poisson and Boson Point Processes”,
Journal of Functional Analysis, vol. 205, no. 2, pp. 414 – 463, Dec. 2003.
[171] J. Hough, Manjunath Krishnapur, Yuval Peres, and Balint Virag, “Determinantal
Processes and Independence”, Probability Surveys, vol. 3, pp. 206–229, 2006.
[172] Yingzhe Li, F. Baccelli, H.S. Dhillon, and Jeffrey G. Andrews, “Statistical Mod-
eling and Probabilistic Analysis of Cellular Networks with Determinantal Point
Processes”, IEEE Transactions on Communications, vol. 63, no. 9, pp. 3405–
3422, Sep. 2015.
[173] Na Deng, Wuyang Zhou, and M. Haenggi, “The Ginibre Point Process as a
Model for Wireless Networks With Repulsion”, IEEE Transactions on Wireless
Communications, vol. 14, no. 1, pp. 107–121, Jan. 2015.
Bibliography 139
[174] Y. Li, F. Baccelli, H. S. Dhillon, and J. G. Andrews, “Fitting Determinantal Point
Processes to Macro Base Station Deployments”, in IEEE Globecom Workshops
(GC Wkshps), Dec. 2014, pp. 3641–3646.
[175] F. Lavancier, Jesper Møller, and Ege Rubak, “Determinantal Point Process
Models and Statistical Inference”, Journal of the Royal Statistical Society: Series
B, vol. 77, no. 4, pp. 853–877, Sep. 2015.
[176] R. J. Adler and Jonathan E. Taylor, Random Fields and Geometry, Springer-
Verlag, New York, USA, 1st edition, 2007.
[177] K.J. Friston, Statistical Parametric Mapping: The Analysis of Functional Brain
Images, Academic Press, London, UK, 1st edition, 2007.
[178] Jesper Møller, Anne Randi Syversveen, and Rasmus Plenge Waagepetersen, “Log
Gaussian Cox processes”, Scandinavian Journal of Statistics, vol. 25, no. 3, pp.
451–482, 1998.
[179] P. Abrahamsen and Norsk regnesentral, “A Review of Gaussian Random Fields
and Correlation Functions”, Tech. Rep. 917, Norsk Regnesentral, Norwegian
Computing Center, Oslo, Norway, 1997.
[180] Keith J Worsley, “Local Maxima and the Expected Euler Characteristic of Ex-
cursion Sets of χ2, F and t Fields”, Advances in Applied Probability, pp. 13–42,
1994.
[181] Robert J. Adler and A. M. Hasofer, “Level Crossings for Random Fields”, The
Annals of Probability, vol. 4, no. 1, pp. 1–12, Feb. 1976.
[182] Robert J. Adler, “Excursions Above a Fixed Level by n-Dimensional Random
Fields”, Journal of Applied Probability, vol. 13, no. 2, pp. 276–289, 1976.
[183] Peter McCullagh and Jesper Møller, “The Permanental Process”, Advances in
Applied Probability, vol. 38, no. 4, pp. 873–888, Dec. 2006.
[184] Sheldon M. Ross, Introduction to Probability and Statistics for Engineers and
Scientists, Academic Press, Boston, USA, 4th edition, Mar. 2009.
[185] Carl Edward Rasmussen and Christopher K. I. Williams, Gaussian Processes for
Machine Learning, MIT Press, Massachusetts, USA, Jan. 2006.
[186] L.G. Valiant, “The Complexity of Computing the Permanent”, Theoretical Com-
puter Science, vol. 8, no. 2, pp. 189–201, 1979.
Bibliography 140
[187] S. C. Kou and P. McCullagh, “Approximating the α-permanent”, Biometrika,
vol. 96, no. 3, pp. 635–644, September 2009.
[188] Odile Macchi, “The Coincidence Approach to Stochastic Point Processes”, Ad-
vances in Applied Probability, vol. 7, no. 1, pp. 83–122, 1975.
[189] Evgeny Spodarev, Stochastic Geometry, Spatial Statistics and Random Fields:
Asymptotic Methods, Springer-Verlag, Heidelberg, Germany, 1st edition, Feb.
2013.
[190] Wendy L. Martinez and Angel R. Martinez, Computational Statistics Handbook
with Matlab, CRC Press, Florida, USA, 2nd edition, Dec. 2007.
[191] B. D. Ripley, “The Second-Order Analysis of Stationary Point Processes”, Jour-
nal of Applied Probability, vol. 13, no. 2, pp. 255–266, Jun. 1976.
[192] Jesper Møller and Peter McCullagh, “The Permanent Process”, Tech. Rep.
R-2005-29, Aalborg University, Department of Mathematical Sciences, Aalborg,
Denmark, 2005.
[193] Eric Marcon and Florence Puech, “Generalizing Ripley’s K Function to Inhomo-
geneous Populations”, preprint, Dec. Apr. 2009.
[194] David Aldous, Probability Approximations via the Poisson Clumping Heuristic,
Springer-Verlag, New York, USA, 1st edition, Mar. 2013.
[195] J. Cao, “The Size of the Connected Components of Excursion Sets of χ2, t and
F Fields”, Advances in Applied Probability, vol. 31, no. 3, pp. 579–595, 1999.
[196] Robert J. Adler, The Geometry of Random Fields, Society for Industrial and
Applied Mathematics, Philadelphia, USA, Dec. 2009.
[197] John C. Mazziotta, Arthur W. Toga, and Richard S. J. Frackowiak, Brain Map-
ping: The Disorders, Academic Press, San Diego, USA, May 2000.
[198] K. J. Friston, K. J. Worsley, R. S. J. Frackowiak, J. C. Mazziotta, and A. C. Evans,
“Assessing the Significance of Focal Activations Using Their Spatial Extent”,
Human Brain Mapping, vol. 1, no. 3, pp. 210–220, Jan. 1994.
[199] Huawei, “Small Cells Big Opportunities”, White paper, Feb. 2014.
[200] Qualcomm, “Hyper-Dense Small Cell Deployment Trial in NASCAR Environ-
ment”, White paper, Apr. 2014.
Bibliography 141
[201] K. Doppler, M. Rinne, C. Wijting, C. B. Ribeiro, and K. Hugl, “Device-to-device
Communication as an Underlay to LTE-advanced Networks”, IEEE Communi-
cations Magazine, vol. 47, no. 12, pp. 42–49, Dec. 2009.
[202] G. Fodor and E. Dahlman and G. Mildh and S. Parkvall and N. Reider and G.
Miklo´s and Z. Tura´nyi, “Design Aspects of Network Assisted Device-to-device
Communications”, IEEE Communications Magazine, vol. 50, no. 3, pp. 170–177,
Mar. 2012.
[203] F. Malandrino, C. Casetti, and C. F. Chiasserini, “Toward D2D-enhanced Het-
erogeneous Networks”, IEEE Communications Magazine, vol. 52, no. 11, pp.
94–100, Nov. 2014.
[204] H. P. Keeler, B. B laszczyszyn, and M. K. Karray, “SINR-based k-coverage Prob-
ability in Cellular Networks with Arbitrary Shadowing”, in IEEE International
Symposium on Information Theory (ISIT), Jul. 2013, pp. 1167–1171.
[205] D. Malak and M. Al-Shalash, “Optimal Caching for Device-to-device Content
Distribution in 5G Networks”, in IEEE Globecom Workshops (GC Wkshps),
Dec. 2014, pp. 863–868.
[206] S. Krishnan and H. S. Dhillon, “Distributed Caching in Device-to-device Net-
works: A Stochastic Geometry Perspective”, in Asilomar Conference on Signals,
Systems, and Computers, Nov. 2015, pp. 1280–1284.
[207] Luc Devroye, Non-Uniform Random Variate Generation, Springer Science &
Business Media, Nov. 2013.
[208] Mohsen Karimzadeh Kiskani and Hamid R. Sadjadpour, “Capacity of Cellular
Networks with Femtocache”, arXiv:1604.05282, Apr. 2016.
[209] iDirect, “Installation and Commissioning Guide iDirect Satellite Routers”, Jul.
2014.
[210] T. D. Novlan, H. S. Dhillon, and J. G. Andrews, “Analytical Modeling of Uplink
Cellular Networks”, IEEE Transactions on Wireless Communications, vol. 12,
no. 6, pp. 2669–2679, Jun. 2013.
[211] Alan E. Gelfand, Peter Diggle, Peter Guttorp, and Montserrat Fuentes, Handbook
of Spatial Statistics, CRC Press, March 2010.
